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Abstract
The links between depositional fabrics, diagenesis and fracture patterns
are explored for the Barremian-Aptian Jurf and Qishn formations of central
east Oman. Field, petrographic and analytical (oxygen and carbon isotopic
ratios, clumped isotopes, strontium isotopes, major and trace elements, ten-
sile strength) data were acquired. The excellent outcrop exposures allow
the investigation of the geometries, dimensions and spatial distributions of
sedimentary bodies, diagenetic bodies and fractures at the inter-well scale
(one kilometre). It is suggested that in the Late Barremian, storm and wave
reworking and transport were the dominant sedimentary processes operating
in the peritidal environment of the southern Tethyan platform. The stra-
tigraphic distribution of the parasequences and discontinuity surface types
suggest some regional sea level control on the peritidal carbonate cyclicity.
Pervasive dolomite is restricted to the Jurf Formation transgressive systems
tract, which is characterized by a peritidal environment rich in microbial
mats. Other system tracts, despite being composed of peritidal facies with
evidence for high salinities, were not dolomitized, suggesting that the pres-
ence of microbial mats, i.e. the depositional fabric, exerted a major control
on dolomite distribution. Spacing and orientation of fractures in limestones
also depend strongly on the depositional fabric. Grain-supported facies, such
as grainstones and rudstones, develop closely and evenly spaced northwest-
southeast oriented stratabound fractures; whereas mud-supported facies de-
velop widely and unevenly spaced throughgoing fractures predominantly ori-
ented north-south. It is suggested that fractures developed until fracture sat-
uration in early cemented grain-supported facies during the Late Cretaceous.
As burial increased, the bedding interfaces become stronger allowing for the
development of throughgoing fractures that cross-cut mud-supported beds,
which remained undersaturated with respect to fractures. This study shows
that diagenetic heterogeneities of the Jurf and Qishn formations are strongly
linked to depositional heterogeneities, and that both the depositional fabric
and early diagenesis control the distribution of fracture heterogeneities.
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1 Introduction
Carbonate rocks are heterogeneous composite systems in the sense that their
composition and petrophysical properties are not spatially uniform at a range
of scales, from the micrometre to the kilometre scale. Characterizing and
quantifying carbonate heterogeneities is relevant for reservoir characteriza-
tion, especially in the context of Enhanced Oil Recovery (EOR) and Carbon
Capture and Storage (CCS) studies because the success of these techniques
partially rely on the quality of reservoir models, which are only as good as
the representation of heterogeneities.
Sources of heterogeneities in carbonate reservoirs can be divided into
three main categories: depositional heterogeneity, diagenetic heterogeneity
and fracture heterogeneity. Because of the inherent difficulty in characteriz-
ing subsurface heterogeneities at inter-well and sub-seismic scales, it is im-
portant to identify rules linking depositional fabric, diagenesis and fracture
patterns that allow extrapolation of rock attributes in sparsely sampled rocks
and non-sampled areas. To improve predictions of reservoir quality between
wells it is necessary to build predictive frameworks for reservoir quality trends
and associated depositional, diagenetic and fracture heterogeneities. Such
predictive frameworks need to include quantitative data on the dimensions
of sedimentary bodies, diagenetic bodies and fracture spacings.
Outcrop analogue studies provide a valuable insight into the spatial dis-
tribution and dimensions of carbonate heterogeneities at the inter-well and
sub-seismic scales. In this thesis I use a cross-disciplinary approach to in-
vestigate the interplay between depositional, diagenetic and fracture hetero-
geneities at well (decimetre) and inter-well (kilometre) scales. The thesis
focuses on Barremian-Aptian shallow-water carbonates from the Jurf and
Qishn formations, which are time equivalent to the prolific Lower Creta-
ceous Kharaib and Shu′aiba reservoirs from Oman. The pseudo 3D outcrops
selected in the Haushi-Huqf area in central east Oman likely contain the
best-preserved peritidal facies of the epeiric Lower Cretaceous Tethyan plat-
form. The Jurf and Qishn formations were deposited in the vicinity of the
Haushi-Huqf paleo-high and were subjected to minor epeirogenic movements
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allowing for the study of flat-lying, little deformed sedimentary rocks.
In chapter 2 I describe the geological setting of Oman and field and an-
alytical methods used in this study. I first describe the tectonic evolution of
the Arabian Plate and then present the Lower Cretaceous stratigraphy and
palaeogeography.
In chapter 3 I characterize the facies and depositional processes of
the Qishn Formation that outcrop in a 500 000 m2 butte in the north of
the Haushi-Huqf High. The outcrop allows for pseudo-3D quantitative data
acquisition of the dimensions, geometries and spatial distributions of dis-
continuity surfaces and sedimentary bodies. With a detailed analysis
of small-scale stacking patterns and associated discontinuity surfaces I
reconstruct the depositional history of the peritidal environment of the south-
ern Tethys during the Early Cretaceous in terms of its base-level and sedi-
ment supply history. The main goal is to characterize the impact of depo-
sitional processes of Lower Cretaceous peritidal systems on the distribution
and type of depositional heterogeneities. Chapter 3 consists of (i) a detailed
interpretation of the paleoenvironment and sedimentary processes leading
to deposition of the Qishn Formation supported by a quantitative dataset
on sedimentary bodies dimensions and spatial distributions; (ii) a charac-
terization of the stacking patterns of small-scale depositional sequences, and
(iii) an improvement of our understanding on the variability of peritidal cy-
cles observed in the context of the regional sequence stratigraphic framework.
In chapter 4 I characterize the distribution of dolomite bodies in both
the Jurf and Qishn formations that outcrop in the south of the Haushi-Huqf
High. I identify the possible mechanisms for early dolomite formation
in the Early Cretaceous epicontinental sea and investigate the controls on
the distribution of dolomite bodies. The main goal is to define predic-
tive rules linking depositional heterogeneities to the distribution of diagenetic
heterogeneities in the regional sequence stratigraphic context. In chapter 4 (i)
I document the distribution of dolomite textures and how they relate to the
depositional fabric of the Barremian-Aptian shallow-water carbonates; (ii)
combine a variety of petrographic and geochemical techniques to investigate
the origin and circulation mechanisms of diagenetic fluids and the sequence
of diagenetic events responsible for the alteration of the Jurf and Qishn for-
mations; (iii) I discuss the implications of my findings for dolomitization
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processes in general and for the potential occurrence of dolomite elsewhere
in the Lower Cretaceous Arabian platform.
Finally in chapter 5 I characterize the fracture patterns of the Qishn
Formation in the same outcrop studied in chapter 3. I identify the main con-
trols on the variability of fracture orientation, spacing and height
and investigate how depositional and diagenetic heterogeneities influence the
distribution of fracture heterogeneities. Chapter 5 consists in (i) quantify-
ing fracture spacings and orientations in different lithologies; (ii) infering
the stress field dominant during the formation of the different fracture sets
and suggesting a kinematic interpretation for the formation of the different
fracture sets; (iii) and providing insights into how these findings can be ex-
trapolated and applied in fracture modelling in the subsurface of Oman.
This thesis concludes with a summary of the results, and discusses possi-
ble directions in which this work can be extended in chapter 6.
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2 Geological setting, field approach
and analytical methods
2.1 Geological Setting
2.1.1 Tectonic evolution of Oman
The tectonic history of the Sultanate of Oman can be divided into six dis-
tinct phases (Figs 2.1 and 2.2A)(Loosveld et al., 2006): phase 1 in the Late
Precambrian, corresponds to a period of island arc accretion; phase 2 and 3
in Precambrian to mid-Carboniferous times are characterized by intra-plate
rifting, wrenching and epeirogenic tectonics; during phase 4, in the Late
Carboniferous to Cenomanian, continental break-ups occurred and passive
margins developed; phase 5 is marked by active margin tectonics with the
onset of ophiolite obduction in the Late Cretaceous; and finally during phase
6, in the Tertiary, continent-continent collision occurred in the north and a
new passive margin developed in the south (Gulf of Aden) and in the West
(Red Sea) of the Arabian Plate.
Phase I: Pan-African accretion in the Arabian Peninsula
During the Late Precambrian (ca. 715 million years ago), a series of base-
ment terranes began to coalesce on what was to become the Arabian margin
of Gondwana (Husseini, 1988; Stoesser and Camp, 1985). In western Saudi
Arabia, five distinct island-arc terranes outcrop and in Oman and Yemen
there is evidence for at least two other terranes (Gass et al., 1990; Husseini,
1988; Stoesser and Camp, 1985). The NE- and NNW-trending sutures sepa-
rating the basement terranes (Fig. 2.1A) are believed to be of fundamental
importance for the subsequent tectonic deformation of the sedimentary cover.
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Phase II: Precambrian rifting event
The Precambrian basement consists of accreted island-arc and microconti-
nent terranes (Brown et al., 1989), overlain by post cratonic sediments and
volcanics. Around 630 Ma, in Saudi Arabia, collisional tectonics changed to
intra-continental extensional tectonics (Husseini and Husseini, 1990). Thick-
nesses and lateral facies variations in the Abu Mahara Group clastics (Fig.
2.2A) and the evidence for igneous activity suggest that a northeast-southwest
trending rift basin developed in eastern Oman during the Precambrian (LeMe´-
tour 1988; Loosveld et al., 1996; Rabu, 1988). The Abu Mahara rifting event
might be associated with the development in Oman of a series of N-S to NE-
SW trending basement highs. The upper Nafun Group platform carbonates
shows much less pronounced thicknesses and facies variations suggesting that
its deposition might have been controlled by phases of thermal relaxation fol-
lowing the Abu Mahara rifting event (Loosveld et al., 1996).
The parallelism between major structures in the Precambrian basement
of the Arabian shield and Phanerozoic structures is striking and suggests
that rejuvenation of mechanical discontinuities in the basement played an
important role in the evolution of the Arabian plate. The main Phanerozoic
structural elements (Fig. 2.3) are: (1) N-trending highs as exemplified by
the Ghawar anticline, the Qatar Arch and the Haushi-Huqf High; (2) NW-
trending systems such as the Azraq and Ma′rib grabens of Mesozoic age; and
(3) NE-trending systems such as the south Syria Platform, Khleissia and
Mosul trends.
Phase III: Cambrian to mid-Carboniferous rifting and uplift
The Abu Mahara rift configuration was re-activated and evolved in Late Ven-
dian and Early Cambrian times into the Najd tectonic event dated 600-540
Ma in Saudi Arabia (Husseini, 1988). Two discrete rifting events occur with
the first involving a dextral Najd system and the second a sinistral Najd
system (Figs 2.1A and 2.3, Loosveld et al., 1996). The rift basins were the
site of salt deposition in the Arabian Gulf (Hormuz Formation in Iran) and
in Oman (Ara Group in South Oman and Ghaba basins) (Fig. 2.3, Hus-
seini and Husseini, 1990). The reactivated eastern low-angle bounding fault
of the Ghudun-Khasfah high (Fig. 2.4) became the western margin of the
asymmetrical South Oman salt basin (Husseini and Husseini, 1990). The
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rift sequence comprises the Upper Huqf and Lower Haima groups and the
Middle and Upper Haima represent the sag phase preserved over the Ghaba
salt basin (Loosveld et al., 1996). Most of the overlying Silurian to Lower
Devonian and the Middle Devonian and Upper Carboniferous sequences are
not preserved in Oman. The resulting Middle Devonian and Upper Carbonif-
erous unconformities result from important phase of erosion caused by very
broad uplift in eastern Oman.
Earliest salt movement by passive diapirism and minor salt dissolution is
documented in the syn-rift Lower Haima Group in the South Oman basin in
the Late Cambrian. In the Ghaba basin, fault initiated growth of salt domes
was concentrated on the margins of the basin until Late Ordovician, Upper
Haima times (Loosveld et al., 1996). By the end of deposition of the Haima
Group, the Ara salt had been redistributed in isolated salt bodies. To trig-
ger further halokinesis it was necessary that faults transect the overburden
directly above the salt pod. Thus the fairly stable tectonic conditions from
Silurian to Permo-Triassic times prevented further halokinesis.
In summary, phase III documents rifting, followed by thermal relaxation
and epeirogenic movements with regional northwestward tilting. The struc-
tural framework created by the Najd event, itself strongly influenced by the
underlying basement fabric, was periodically reactivated during the Phanero-
zoic, and had a major controlling influence on the subsequent development
of sediment accommodation and depositional patterns (Edgell, 1992).
Phase IV: Late Carboniferous to Cenomanian Gondowana break
up, passive margin and intraplate epeirogenic tectonics
Phase IV (Fig. 2.1C to E) comprises the Permo-Carboniferous clastic Haushi
Group (Fig. 2.2A): Al Khlata Formation (Levell et al., 1988) and Gharif
Formation (Hughes Clarke, 1988). The deposition of clastics was confined
to the interior of Oman, reflecting the presence of topographic highs along
the present day eastern and northern coastlines of Oman. The northern and
eastern highs, and hence the Haushi-Huqf High, were probably formed by
thermal doming, which preceded the break up of Gondwana (Le Me´tour et
al., 1994).
By the early Late Permian, Neo-Tethys oceanic crust was developing to
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the north of the present day Oman Mountains (Blendinger et al., 1990). At
the same time, in the interior of Oman, the Arabian shield was flooded and
the Akhdar Group deposited. A similar pattern lasted until the Triassic.
During the Late Triassic to Early Jurassic the northern high collapsed as
a result of the transition from rifting to oceanic spreading (Loosveld et al.,
1996). In the Late Jurassic the present day Oman Mountains area subsided
into a deep marine domain forming the Rayda basin and shallow water de-
position was restored by Early Cretaceous times.
The geological history of the eastern Oman margin is quite different.
The pre-existing NNE-SSW Precambrian rifts largely controlled the separa-
tion between India-Madagascar-Antarctica from Africa-Arabia in the Late
Jurassic-Early Cretaceous (Fig. 2.1D and E, Loosveld et al., 1996). The
NNE-SSW oceanic spreading resulted in the formation of the proto-Owen
Basin offshore east Oman, the Masirah oceanic crust about 150 Ma ago
(Smewing et al., 1991) and the West Somali and Mozambique basins fur-
ther south (Fig. 2.1E) (Cochran, 1988). The counter-clockwise rotation of
India in the Early Cretaceous is thought to have triggered partial closure
of the Proto-Owen basin and to have been responsible for the obduction of
the Masirah ophiolites onto the southeast continental margin of Oman when
the Mozambique and West Somali basins were still opening (Smewing et al.,
1991). The shallow marine Lower Cretaceous carbonate platform became
established over the obducted ophiolites (Smewing et al., 1991) while the
western fault of the NNE-SSW Masirah Trough (see location in Fig. 2.4A)
was active (Beauchamp et al., 1995). Cenomian slope deposits composed
of reworked Lower Cretaceous shallow marine carbonates indicate that the
Masirah line was still active during Cenomanian times (Montenat et al., 2003;
Smewing et al., 1991).
The base of the Jurassic and the base of the Lower Cretaceous are charac-
terized by unconformities (Fig. 2.2) that can be explained by thermal uplift
preceding the rifting events. The base Jurassic unconformity may be related
to a regional westerly tilting in east Oman that resulted from an early ther-
mal uplift of the proto-Owen basin (Mountain and Prell, 1990). The base
Lower Cretaceous unconformity may relate to a phase of westerly tilt and
uplift of the eastern high as a result of the separation of India-Madagascar-
Antartica from Africa-Arabia (Loosveld et al., 1996).
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In summary, phase IV represents the development of carbonate dominated
passive margins in the north, northeast and southeast margins of the Arabian
plate with the Neo-Tethys ocean. The transform kinematics of the southeast
margin of Oman reactivated Haushi-Huqf High structures.
Phase V: Late Cretaceous foreland basin in north Oman
Around 110 Ma, the Atlantic Ocean started to open leading to the closure
of the Neo-Tethys Ocean between the Afro-Arabian and Eurasian plates.
A northeasterly dipping intra-oceanic subduction zone developed in north
Oman and was accompanied by back-arc spreading and the formation of the
Semail ophiolite and Hawasina nappes (Fig. 2.1F, Glennie, 1995; Lippard
et al., 1986). Thrusting continued until the Late Santonian and the Aruma
foredeep continued to subside into the Late Campanian. The loading of the
Hawasina thrust sheets in north Oman resulted in the downwarping of the
continental crust and its flexural extension that was accommodated by a set
of evenly distributed NW-SE trending normal faults all with minor throws
(Filbrandt et al., 2006). The Late Cretaceous phase of deformation in the
north of Oman stopped when a new subduction zone developed further north
in the Makran zone (see Figs 2.3 and 2.4A for location, Glennie, 1995). North
Oman returned to a stable passive margin setting until the Late Maastrichian
(Skelton et al., 1990).
At 84 Ma, India including the Seychelles micro-continent separated from
Madagascar and drifted northwards (Salman and Abdula, 1995). Compres-
sion along the eastern continental margin of Oman developed associated with
this drift (Fig. 2.1F). Therefore, simultaneously to the NE-SW extension
south of the Hawasina thrust sheets, the eastern continental margin was un-
der a sinistral transpressional regime (Mountain and Prell, 1990; Ries and
Shackleton, 1990). This initiated and/or reactivated a set of NNW-SSE strike
slip faults such as the Maradi Fault Zone (with sinistral and normal com-
ponents) and WNW-ESE faults such as the Fahud Fault Zone (with dextral
and normal components) (Loosveld et al., 1996).
In north Oman renewed halokinesis of the Precambrian salt was triggered
by Mesozoic and Cenozoic deformation. It appears that salt has flowed to-
wards sites of low mean stress as in pull-aparts and, as the overburden was
broken, forced its way up leading to the uplift of the Natih-Fahud fault
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blocks and the northernmost parts of the Maradi Fault footwall (Loosveld et
al., 1996).
In summary, the Late Cretaceous (known as the first Alpine phase, equiv-
alent to the first Syrian Arc phase) is characterized by the emplacement
of the Semail and Hawasina nappes. The region south of the nappes is
downwarped forming an extensional regime with local footwall uplift as-
sisted by pronounced salt movement in the Fahud and Ghaba salt basins.
During Campanian-Maastrichian times the Aruma foredeep develops and is
accompanied by dextral transtension along the Fahud Fault zone and sinis-
tral transtension along the Maradi Fault Zone (Filbrandt et al., 2006). The
eastern Oman continental margin was under a sinistral transpressive regime
due to the northwards drift of the Indian Plate.
Phase VI: Tertiary rifting in the south and collision in north
In the Late Campanian - Early Maastrichian a rift developed between the
Seychelles and India. The rifting culminated in the Deccan volcanic event at
64 Ma when a new oceanic spreading zone, the present day Carlsberg ridge
(Fig. 2.1F), developed (Plummer and Belle, 1995). Rifting in the southern
and western margins of the Arabian Plate led to full continental separation
and the emplacement of oceanic crust in the Gulf of Aden and in the Red Sea
during the Late Cenozoic (Fig. 2.1G, Bott et al., 1992; Hughes and Beydoun,
1992). Compressive movements related to the opening of the Red Sea and
the Gulf of Aden and the rapid northward anti-clockwise movement of the
Indian Plate generated localized structures such as the Salakh Arch (see Fig.
2.4A for location, Hanna, 1990). In a narrow zone south of the Salakh Arch,
many normal faults were inverted (Mann et al., 1990) and the Maradi Fault
Zone was reactivated in a dextral transpression regime (Loosveld et al., 1996).
Rift shoulder uplift in the Gulf of Aden resulted in a freshwater flow to-
wards the north and northwest and salt dissolution along the eastern margin
of the South Oman basin (Loosveld et al., 1996). Along the eastern margin
of the South Oman basin some of the NE-SW trending Precambrian early
Paleozoic faults were reactivated in a dextral transtensional regime (Loosveld
et al., 1996). The interior of Oman was last submerged in the Miocene and
has developed into a desert deflation surface.
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In summary, the Eocene-Pliocene (known as the second Alpine phase,
equivalent to the second Syrian Arc phase) is characterized by a NE-SW
shortening in the north with the development of the Salakh Arch accompa-
nied by reverse faulting in the foredeep. The northern part of Maradi Fault
Zone is inverted in dextral transpression and the Fahud main fault is reac-
tivated with small sinistral component (Filbrandt et al., 2006). Northeast-
southwest oriented Precambrian structures in the eastern Oman margin are
reactivated in a dextral transtensional regime.
Tectonic setting of the Haushi-Huqf High area
The Haushi-Huqf High (Fig. 2.4) is about 40 km wide and extends for about
180 km from near Duqm to the Wahiba Sands in a north-northeast direction
(Ries and Shackleton, 1990). The Haushi-Huqf High is bounded by the South
Oman and the Ghaba Salt basins to the west and by the Masirah Transform
fault zone to the east (Fig. 2.4A).
The Lower Cretaceous strata onlap on the western flank of the Haushi-Huqf
High and dip gently, 2 to 3 ◦, towards the Oman interior (Ries and Shack-
leton, 1990) forming a westwards thickening wedge (Fig. 2.4B) from the
Haushi-Huqf High to the South Oman and the Ghaba Salt basins (Loosveld
et al., 1996). The Haushi-Huqf area has been subjected to low subsidence
rates and intermittent uplift from the Cambrian (Visser, 1991) whereas co-
eval sedimentary rocks in the Oman Interior basins underwent substantial
subsidence and pre-Cambrian deposits lie presently at depths up to 10 kilo-
metres (Loosveld et al., 1996).
Lower Cretaceous carbonates in the Haushi-Huqf area lie unconformably on
Permian clastics from the Gharif Formation. On the basis of burial history
reconstructions the maximum burial of the Lower Cretaceous carbonates is
200±50 metres (Immenhauser et al., 2004). The burial curve built for the
Haushi-Huqf area from published data shows that Lower Cretaceous sedi-
mentary rocks underwent gentle subsidence and subsequent uplift at least
four times before exhumation (Fig. 2.5).
2.1.2 Barremian and Aptian palaeogeography and stratig-
raphy of Oman
In the earliest Cretaceous times, eustatic sea level was high (Haq et al., 1987),
broad portions of the Arabian craton were flooded and an extensive carbonate
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Figure 2.5: Burial curve and main geotectonic events of the Haushi-Huqf High. The
curve was built from a compilation of data on sediment thicknesses (not corrected for
compaction), exposure time and information on geotectonic events in Droste et al. (2010a,
b), Immenhauser et al. (2004), Vahrenkamp (2010), van Buchem et al. (2010) and Visser
(1991). A maximum uncertainty on the burial depth of each formation (solid lines) and for
the total sequence (dashed lines) is indicated following Goldhammer (1997) estimates for
carbonates compaction (corresponding to around 50% of the sediment thickness for 1˜70
metres overburden). The studied stratigraphic interval is highlighted with a red rectangle.
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Figure 2.6: Palaeogeographic map of the Arabian Plate in the Late Barremian (after
van Buchem et al. (2010)). The approximate location of the study area is highlighted
with a red rectangle. The approximate location of the cross-section through the carbonate
platform in figure 2.7 is indicated.
platform was built on the continent (Fig. 2.6). The Arabian epeiric sea
was bounded to the north, north-east and south-east by passive continental
margins with the Neo-Tethys Ocean (see section 2.1.1 page 23, Sharland
et al., 2001; van Buchem et al., 2010). The Barremian-Aptian successions
outcropping in Oman are part of the Arabian carbonate platform, which was
located at 5 to 10 degrees of latitude south (Sharland et al., 2001).
The Barremian-Aptian depositional sequences were documented at out-
crop (Hillga¨rtner et al., 2003; Pittet et al., 2002; van Buchem et al, 2002)
and in the subsurface (Sharland et al., 2001; Strohmenger et al., 2006; Yose
et al., 2006, 2010) and from these studies a revised sequence stratrigraphic
framework was proposed in van Buchem et al. (2010) at the scale of the
Arabian Plate. The Barremian-Aptian Kharaib and Shu′aiba formations are
time-equivalent to the uppermost unit of the Kahmah Group in Oman (Fig.
2.2A) and the Thamama Group in the Unites Arab Emirates (Hughes Clarke,
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1988).
The Khamah group is interpreted as two large second order sea-level cy-
cles that lasted approximately 25 Myr (Scott, 1990) and were deposited
from Berriasian to Aptian times. The first second-order supersequence set
begins with the aggrading to retrograding pelagic Rayda marls represent-
ing the transgressive systems track (TST) and ends with the prograding
Habshan-Lekhwair platform carbonates representing the highstand systems
tract (HST) (Fig. 2.7). The second second-order supersequence set is char-
acterized by the aggradation of shallow marine platform carbonates of the
Lekhwair and Kharaib Formation representing the TST and the prograda-
tion of the Shu′aiba Formation representing the HST (Droste and Van Steen-
winkel, 2004; Le Bec, 2003).
Barremian depositional system and sequences
The Barremian consists of two third-order sequences, BAR1 and BAR2
(Fig. 2.7) deposited in a very low angle (<0.1◦) carbonate ramp deposi-
tional system experiencing gentle differential subsidence and characterized
by the absence of a bioconstructed barrier (Hillga¨rtner et al., 2003; van
Buchem et al., 2002, 2010). The Kharaib Formation comprises two sequences,
named the Lower (equivalent to BAR1) and the Upper (equivalent to BAR2)
Kharaib (van Buchem et al., 2010). Both sequences show comparable bed-
ding patterns and similar ecological successions from miliolid-orbitolinid low-
energy lagoonal deposits to high-energy rudist shoals (Pittet et al., 2002; van
Buchem et al., 2002). The top of the Kharaib Formation, of Late Barremian
age, is marked by a subaerial exposure over large parts of the Arabian shield
(Pittet et al., 2002; van Buchem et al., 2002).
Aptian depositional system and sequences
In the Aptian the platform topography changed from a flat ramp to a plat-
form with intra-shelf basins, such as the Bab basin shown in figure 2.6
(Hillga¨rtner et al., 2003; van Buchem et al., 2002). This geometrical change
of the carbonate system was accompanied by a diversification of sedimentary
facies, such as the build up of the rudist rich, so called ”Urgonian” type
platform. The Aptian supersequence in the platform, that corresponds to
the Sh′uaiba Formation, is divided into three sequences (APT1 to APT3) of
which only the APT1 early TST and part of the APT2 late TST is preserved
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Figure 2.7: Geological cross-section through the Lower and Middle Cretaceous carbonate
platform of Oman, for location see figure 2.6 (modified from Droste and Van Steenwinkel,
2004). The Cretaceous platform consists of three second-order cycles within a major
unconformity-bounded tectonic megasequence. The Kharaib Formation forms the late
transgressive phase and the Shu′aiba Formation the highstand phase of the second second-
order cycle. The Kharaib Formation comprises two third-order cycles, BAR1 and BAR2
and the Shu′aiba Formation corresponds to APT1 and APT2 that compose the TST of a
third-order sequence. A black rectangle highlights the studied stratigraphic interval.
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in the Haushi-Huqf area (Fig. 2.7, Schroeder et al., 2010 and van Buchem et
al., 2010).
The initial flooding of the platform in the earliest Aptian resulted in the
deposition of the Lower Shu’aiba Formation including the Hawar Member
(APT1) characterized by argillaceous muddy facies rich in orbitolinids that
locally contain subaerial mudcracks and abundant miliolids (van Buchem et
al., 2002). Late transgression (APT2) marks the most important change in
the sedimentary system characterized by a clear differentiation between the
aggrading shallow water carbonates and the starved, organic matter rich sed-
iments depositing on the immersed intra-shelf Bab basin.
In the latest Early Aptian, due to very high phosphate levels, nutrient con-
ditions became eutrophic and the platform ecosystem stopped producing
carbonate, which lead to platform drowning. A specialized ecosystem de-
veloped during those periods, dominated by the proliferation of boundstone
facies composed of Lithocodium-Bacinella associations, which formed mound-
like features (Droste et al., 2010; Immenhauser et al., 2004; Rameil et al.,
2010).
Finally, during the earliest Late Aptian, a relative sea-level fall exposed the
Lower Cretaceous Arabian platform top but condensed organic-rich sedimen-
tation continued to take place in the intra-shelf Bab basin (van Buchem et
al., 2010). The upper part of the APT2 sequence is time equivalent to the
OAE-1a event.
Dolomite distribution in Barremian-Aptian successions
The Barremian-Aptian carbonates outcropping in the Haushi-Huqf High were
dolomitized to various extents (Fig. 2.8). In the Qishn Formation two beds
0.5 to 1 metre thick are dolomitized and around two thirds of the total thick-
ness of the Jurf Formation is dolomitized, the dolomite body being around
10 metres thick and possibly over 60 kilometres wide according to the corre-
lation of Immenhauser et al. (2004).
The finding of such a large dolomite body is intriguing given the scarce
and small volumes of dolomite reported for the Kharaib and Shu′aiba forma-
tions at outcrop to the north of the Haushi-Huqf High in Jebel Madar (Le
Bec, 2003; van Buchem et al., 2002) and in the subsurface to the west in the
Oman Interior basins (Droste et al., 2010; Immenhauser et al., 2004).
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Figure 2.8: Lower Cretaceous stratigraphic column for the Haushi-Huqf area showing
the distribution of dolostones
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2.2 Methods
2.2.1 Field and petrographic data
Two outcrops were selected in central east Oman in the Haushi-Huqf High
(Fig. 2.9A). Outcrops are located in Wadi Jarrah in the north and Wadi
Baw in the south (Fig. 2.9B). The sedimentological, stratigraphic and frac-
ture study was conducted in Wadi Jarrah whereas the dolomitization study
is based on data from Wadi Baw because outcrop conditions at Wadi Jarrah
did not allow access to the dolostones.
In Wadi Jarrah, eight 5 to 32 meters thick stratigraphic sections from
the Upper Jurf Formation and the Lower Qishn Formation were logged (sec-
tions K, L, M, N, O, Q, S, U) and sampled (1 sample per bed) at 50 to 300
m intervals around a well-exposed 500 m wide by 1000 m long butte (Fig.
2.9C). Each one of the beds and discontinuity surfaces were physically traced
around the butte by walking them out. The dimensions and spacing of sed-
imentary bodies were measured with measuring tape. Spacing and strike of
197 fractures were measured on two wackestone beds along two scanlines with
cumulative lengths of 1015 m. Outcrop orientation was measured routinely
so that the spacing, defined as the perpendicular distance between adjacent
fractures belonging to the same set, could be calculated. The spacing and
strike of 88, 527 and 161 fractures were measured on rudstones, floatstones
and grainstones respectively. Measurements were made on bedding planes
covering a total area of ca. 50 square meters allowing for the characterization
of the horizontal path geometries of the fractures. The combination of area
and scanline methods ensures that neither high nor small spacing values are
omitted preventing bias in measurements of fractures spacing and orienta-
tion.
In Wadi Baw, five stratigraphic sections (sections I, J, A, B, G) were sampled
on a bed-by-bed basis along a NW-SE 16.5 km long transect (Fig. 2.9D).
Sections I, J, G are 4 to 11 meters thick and cover the Jurf Formation and
sections A, B are 33 meters thick and cover the Jurf Formation and the lower
part of the Qishn Formation.
The determination of facies, diagenetic textures and nature of discontinu-
ity surfaces was based on field observations supplemented with petrographic
analysis of 211 thin sections from Wadi Jarrah and 244 thin sections from
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Figure 2.9: Location of the outcrops studied. A- Satellite image of the Arabian Peninsula.
The borders of the Sultanate of Oman are shown and the location of the Haushi-Huqf High
is highlighted with a white rectangle. B- Satellite image of the Haushi-Huqf High area
showing the location of studied outcrops (solid squares) and the location of published
studies in the Haushi-Huqf area (open squares, Sattler et al. (2005) in the north and
Immenhauser et al. (2004) in the north and south). C- Satellite image of the Wadi Jarrah
outcrop showing the location of logged sections, scanlines (dashed line) and bedding planes
(solid square) where fractures were measured. D- Satellite image of the Wadi Baw outcrop
showing the location of logged sections. All satellite images are from Google Earth.
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Wadi Baw. Half of each thin-section of dolostones and calcitic dolostones
were stained with alzarin red S and potassium ferricyanide to distinguish
calcite from dolomite and their ferroan equivalents following a procedure
from Dickson (1966). Thin sections were examined under transmitted light
microscopy using a Zeiss Axioskop 40 microscope and cathodoluminescence
(CL) using a CITL Cathodoluminescence Mk5-2 stage mounted on a Nikon
Eclipse 50i microscope with an attached Nikon DS-Fi1c digital camera. Op-
erating conditions were about 270 µA and 14 kV.
Cathodoluminescence characteristics of carbonate minerals are a function
of relative abundance of Mn2+ and Fe2+. Mn2+ and trivalent Rare Earth El-
ements (REE) ions are the most important activators of extrinsic CL and
Fe2+ is the principal quencher. Variations in luminescence usually reflect
a variation in the ratio of Mn2+ and Fe2+ in a crystal (Machel, 2000) and
can be used to investigate cross-cutting relationships between diagenetic ce-
ment phases. Furthermore, many carbonate cements display zoning that
reflects the chemical variation of formation pore waters at various times dur-
ing diagenesis. It is commonly accepted that concentric zones nearer to the
substrate (pore wall) are older than those far from the substrate. Boggs and
Krinsley (2006) recognized two types of zoning: concentric zoning where the
compositional interface of the zoning pattern coincides with or is parallel to
the growth interface existing at the time of growth; and sectoral zoning, in
which the compositional interface does not coincide and is not parallel to the
growth interface. Concentric zoning is generally considered to reflect chang-
ing bulk-fluid properties, which in turn reflect changes in fluid chemistry,
temperature, pressure and possibly redox conditions. Alternatively, zoning
can be due to the partitioning of trace elements between a crystal (calcite)
and the fluid in which it grows. This is influenced by the crystal growth rate,
thus some zoning in calcite may be caused by variations in rates of trace
element partitioning into calcite.
The relative quantification of non-skeletal and skeletal components was
focused on a selected group of carbonate grains whose preferred habitat (en-
ergy level, water depth, trophic level) was used to constrain the depositional
environment in conjunction with the description of textures and sedimentary
structures. The following relative abundance index was determined using the
thin sections and a magnification factor (usually ×25) adapted to the size of
the carbonate grain. An abundance index of 3 means that several specimens
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are always present in the field of view; an index of 2: at least one specimen
is present in the field of view; an index of 1: one or two specimens are visible
per thin section.
Dolomite textures were described using the Sibley and Gregg (1987) clas-
sification scheme that uses two main categories: 1- crystal size distribution
(unimodal or polymodal); 2- crystal boundary shape (non-planar, planar-
s and planar-e). Further description of the dolomite includes the type of
replacement of allochems (non-mimetic or mimetic), the types of porosity
(following the classification of Choquette and Pray (1970)) and the nature
of the minerals filling the voids. The white card and blue-light fluorescence
techniques (Dravis, 1991) were used in order to resolve the depositional facies
in dolomites and recrystallized limestones.
The sedimentary rock exposure index range, originally established in the
modern Three Creeks tidal flat of the Bahamas and based on the reported
relationship between the presence of distinct sedimentary features and expo-
sure time (Ginsburg et al., 1977), was estimated. The following sedimentary
features and corresponding exposure indexes were identified: smooth flat
laminations (exposure index: 95 to 100), disrupted flat laminations (90 to
100), fenestral pores (60 to 100), disrupted fenestral thin beds (55 to 80),
bioturbation (0 to 100).
2.2.2 Mineralogical data
244 bulk powders (1-2 g) were prepared for X-ray diffraction (XRD) by crush-
ing the samples in an agate mortar. XRD analysis was carried out at the
Natural History Museum London with a Philips PW 1830 diffractometer sys-
tem using CuKα radiation at 45 kV and 40 mA, a PW 1820 goniometer and
a graphite monochromator. The scanning range was 2.5◦ to 70◦2θ with a
step of 0.01◦2θ and acquisition time of 2 seconds per step. XRD data was
interpreted with the software MacDiff 4.2.5 and different mineral phases were
quantified using peak intensity ratios. The proportion of Ca in the dolomite
phase (given as mole percent CaCO3) was determined by measuring the shift
in position of the [104] peak (d[104]) relative to an internal halite standard.
The equation of Lumsden (1979) (equation 2.1) is used to determine the mol
percent CaCO3 (NCaCO3) in the dolomite. The instrumental error of XRD
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for CaCO3 mol% is 0.33 mol%.
NCaCO3 = 333.33 d[104] − 911.99 (mol%) (2.1)
2.2.3 Geochemical data
Oxygen and carbon isotopic ratios
Oxygen and carbon isotope ratios were measured on carbonate micrite sam-
ples (70 from Wadi Jarrah and 60 from Wadi Baw), on 100 bulk powders
formed of 10 to 100% dolomite (as determined by XRD) and on the infill
of fractures, such as calcite cement (6 from Wadi Jarrah and 10 from Wadi
Baw) and carbonate mud (5 from Wadi Jarrah). At least one sample per bed
was analyzed, with extra-samples taken near depositional surfaces.
Sampling was carried out under a magnifying glass using an electrical dental
drill or by crushing rock slabs into a fine powder in an agate mortar. Oxy-
gen and carbon isotopic ratios were measured in the Qatar Stable Isotope
Laboratory at Imperial College London. Samples were reacted with 105% or-
thophosphoric acid at 70◦C in a Kiel IV carbonate device, and the resulting
gas analyzed on a Thermo Finnigan MAT 253 mass spectrometer. Data are
reported using the δ notation in the VPDB (Vienna Pee Dee Belemnite) ref-
erence frame. The δ notation, defined in equation 2.2, reports the difference
in isotope ratio to a standard in‰.
δx−standard = (
Rx
Rstandard
− 1)1000 (2.2)
where Rx = (
18O
16O
or
13C
12C
)sample x and Rstandard = (
18O
16O
or
13C
12C
)standard.
Data corrections for instrumental drift were based on multiple runs of
the NBS (National Bureau Standards) 19 standard and an internal labora-
tory standard (Imperial College Carrara marble, ICM). Precision (1 standard
deviation S.D.) for carbonate standards is better than 0.02‰ for δ13C and
0.04‰ δ18O. Precision (1 S.D.) for triplicate micrite samples is better than
0.04‰ for δ13C and 0.07‰ for δ18O. Precision (1 S.D.) for triplicate calcite
cement samples is 0.2‰ for δ13C and 0.03‰ for δ18O. The standard devia-
tions of dolomite samples are reported in Table 4.1 on page 104.
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The oxygen isotope composition of dolomite was corrected for acid frac-
tionation using the equation 2.3 given by Rosenbaum and Sheppard (1986).
1000 lnαCO2−dolomite =
6.65 105
T 2
+ 4.23 (2.3)
where the fractionation factor α between phase A and phase B is,
αA−B =
RA
RB
=
1000 + δA
1000 + δB
(2.4)
No other corrections have been applied to δ18Odolomite given the uncertainty of
differing dolomite-water, calcite-water fractionations (Land, 1980) and differ-
ing fractionation related to dolomite stoichiometry (Vahrenkamp and Swart
1990). No correction was made for dolomitic samples containing more than
5% calcite in the carbonate fraction. Given that the equilibrium value of
δ18Ocalcite-δ
18Odolomite is 3 ± 1‰ (Land, 1980) the uncertainty on δ18Odolomite
range from at least 2 to 4‰.
Clumped isotopes
Clumped isotope thermometry is a technique that measures the degree of
”clumping” of heavy isotopes of carbon and oxygen in multiply-substituted
isotopologues of CO2 (i.e. isotopologues that contain two or more rare iso-
topes) and has been established for mass 47 (i.e. 13C18O16O). The prin-
ciples of quantum mechanical and statistical thermodynamics predict that
multiply-substituded isotopologues of CO2 have lower free energies than iso-
topologues that have one or no heavy isotopes, principally because of their
lower frequencies of intramolecular vibrations and consequent lower vibra-
tional energies. As a result, multiply-substituted isotopologues of CO2 are
more stable than those with one or no heavy isotopes, and this thermody-
namic preference for clumped isotopolgues can be used to form the basis of
a single-phase temperature proxy. With gas source isotope ratio mass spec-
tometry one can measure deviations in abundances of multiply-substituted
CO2 from those expected if isotopologues were randomly distributed and
measure the degree of clumpling expressed as ∆47 (Eiler, 2007; Eiler and
Schauble, 2004; Wang et al., 2004). Carbonate clumped isotope thermome-
try has shown that ∆47 shows a systematic dependence on carbonate growth
temperature (Ghosh et al., 2006; Guo et al., 2009). The T -dependent order-
ing parameter ∆47 is calculated from measured ion intensity ratios following
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the equation 2.5 of Affek and Eiler (2006).
∆47 = 1000(
R47
R47∗
− R
46
R46∗
− R
45
R45∗
+ 1) (2.5)
where Ri = mass i
mass 44
are ratios of the various stable isotopologues of CO2 in
the gas. The parameter Ri∗ refers to the mass ratio in the same gas with a
fictive stochastic distribution of isotopologues.
Around 8 mg of material was extracted from three samples of bulk dolo-
mite powders (with >95% dolomite in the carbonate fraction based on XRD
data) from the Jurf Formation (samples I4 and G5) and Qishn Formation
(sample E36). All measurements were performed in the Qatar Stable Isotope
Laboratory at Imperial College London. Samples were reacted for 1h in a
phosphoric acid bath held at 90◦C and the liberated CO2 gas was purified by
passage through a conventional vacuum line with multiple cryogenic traps
and a Porapak-Q trap held at -35◦C (following Dennis and Schrag (2010)).
The clean CO2 was analyzed using a Thermo Finnigan MAT 253 mass spec-
trometer capable of measuring simultaneously molecular masses in the range
44-49. This setup allows the measurement of conventional isotopes (δ18O and
δ13C) and clumped isotopes (∆47) on the same aliquot of sample.
∆47 values were corrected for non-linearity using the heated gas line
method described in Huntington et al. (2009). All values were corrected for
temperature-dependent acid fractionation by adding a factor of +0.081‰
(Bristow et al., 2011), and are reported using the per mil notation (‰) in
the universal reference frame (URF, Dennis et al. (2011)). Masses 48 and 49
were monitored for evidence of sample contamination. Between 3-4 aliquot
of the same sample were measured to improve precision, which is around
0.004-0.005‰(1 standard error, S.E.). The ∆47URF values were converted
to temperature using two reported calibrations: the calibration of Ghosh et
al. (2006) converted by Dennis et al. (2011) (equation 2.6) established us-
ing calcite and aragonite precipitates and a calibration (equation 2.7) partly
based on non-published dolomite control points (Bonifacie et al., 2011).
T (◦C) =
√
63600
∆47URF + 0.0047
− 273.15 (2.6)
T (◦C) =
√
41691
∆47URF − 0.21073 − 273.15 (2.7)
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Values of δ18Odolomite are a by-product of measurements of ∆47. Values
of δ18OH2O follow from the temperature T estimated from ∆47 and the re-
lationship (equation 2.8) between the dolomite-H2O fractionation factor and
the temperature by Vasconcelos et al. (2005) .
1000 lnαdolomite−H2O =
2.73 106
T 2
+ 0.26 (2.8)
Strontium isotopes
87Sr/86Sr was measured on 16 bulk dolomite samples, formed of more than
95% dolomite in the carbonate fraction and less than 30% of insoluble residue,
and one bulk limestone sample. The insoluble residue is calculated by mea-
suring the difference in mass of a sample before and after acidification by a
5% HNO3 solution and heating at 80
◦C for one hour. Strontium was sep-
arated from the solutions using Eichrom Sr-spec resin and analyzed on a
VG354 thermal ionization mass spectrometer at Royal Holloway University
of London. Samples were loaded on single Re filaments with a TaF emitter
and run using the multidynamic procedure of Thirlwall (1991). All values
were normalized to SRM 987 (0.710248). The standard error (2 S.E.) on
individual analysis was between 0.000010 and 0.000012.
Major and trace elements concentrations
Concentrations of Ca, Mg, Sr, Na, Mn, Fe, Cl, S, Al and K in dolomite were
determined in thin sections (164 points) by Electron Probe Microanalysis
(EPMA) on a CAMECA SX-100 instrument equipped with five wavelength-
dispersive X-ray spectrometers (WDS) at Service Microsonde Sud, Universite´
Montpellier II. The analyses were done with 20 kV accelerating voltage, a fo-
cused beam of 15 µm and counting times of 20 to 30 seconds. Concentrations
are obtained from raw intensities using the X-PHI quantification procedure
(Merlet, 1994). Natural minerals, synthetic oxides and pure metals are used
as standards. Average detection limits at 95% confidence level are as follows:
Fe= 55 ppm; Mn= 90 ppm; Sr= 128 ppm; Na= 88 ppm, S= 54 ppm; Al=
74 ppm; Cl= 41 ppm; K= 42 ppm. The values reported in the results are
average and standard deviation of measured points per thin section and per
mineral phase.
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Due to the high detection limits of Sr and Mn in EPMA, elemental con-
centrations were also obtained on solutions prepared from bulk samples by
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) at
the Natural History Museum London. Aliquots of 100 mg of 120 bulk sample
powders were dissolved in 20 mL of a 5% HNO3 solution and then heated
to about 80◦C for one hour. Only values obtained for 12 samples formed
of more than 95% dolomite in the carbonate fraction and less than 15% of
insoluble residue were used for interpretations because the presence of Sr-rich
impurities such as gypsum, anhydrite and saline fluid inclusions masks the
elemental composition of the dolomite. Analytical precision is ca. 10% for
dolomite and limestone standards.
2.2.4 Mechanical data
The uniaxial tensile strength of wackestones, packstones and grainstones
were determined with the Brazilian mechanical test conducted at Univer-
sity College London using methods described by the International Society of
Rock mechanics (ISRM) according to Mellor and Hawkes (1971). The tensile
strength of rock (σt) is the maximum stress that a rock can withstand before
it fails in tension. The Brazilian test consists of applying a continuous load
at a constant rate (displacement rate set to 1 mm.min−1 in this study so
that the weakest sample failed within 15-30 seconds) on a rock disk 40 mm
in diameter and 20 mm thick with the apparatus illustrated in figure 2.10.
The tensile strength of each specimen is calculated by the following equa-
tion of Mellor and Hawkes (1971).
σt =
0.636P
Dt
(MPa) (2.9)
where P is the load at failure (in Newtons), D is the diameter of the test
specimen (in mm), t is the thickness of the test specimen measured at the
center (in mm).
Nine rudstones, five grainstones and one wackestone were tested and the
tensile strentgh of each sample type (rudstone, grainstone and wackestone)
were calculated by averaging the tensile strengths obtained for each speci-
men.
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Test specimen
Half ball bearing
Upper jaw
Lower jaw
Guide pin
Figure 2.10: Apparatus for determining tensile strength by the Brazilian test
In total nine specimens of each sample type were selected for testing. Un-
fortunately, four tests on specimens of grainstones did not allow confident
determination of the load at failure. Also, eight wackestone specimens frac-
tured during sample preparation and could not be tested.
46 Geological setting, field approach and analytical methods
3 Sedimentology and stratigraphy of
Barremian-Aptian carbonates
3.1 Previous work
Most of the existing information on stacking patterns and lateral geometries
of Middle Eastern carbonates comes from regional-scale studies (from a few
to hundreds of kilometres) that combine subsurface and outcrop data. Most
of the existing studies were motivated by the need to understand the dis-
tribution of reservoir rocks within economically important units such as the
Cretaceous Kharaib and Shu′aiba formations of the Middle East (Droste,
2010a; Hillga¨rtner et al., 2003; Le Bec, 2003; Masse et al., 1998; Pittet et
al., 2002; Pratt and Smewing, 1993a, b; Scott, 1990; van Buchem et al.,
2002, 2010). In particular, the compilation of van Buchem et al. (2010)
on Barremian-Aptian successions provides a large amount of information on
regional sedimentation patterns and proposes a revised stratigraphic model
for the Arabian Plate.
The Lower Cretaceous outcrops of the Barremian-Aptian Jurf and Qishn
formations selected for this study are located in the Haushi-Huqf High area,
which is still an underexplored area for reservoir analogue studies. Immen-
hauser et al. (2004) described the broad Lower Cretaceous sedimentology and
stratigraphy of the Huqf region over a 60 km transect, later complemented
with a study of the origin and lateral variability of discontinuity surfaces in a
2.5 km window by Sattler et al. (2005) (outcrop locations of previous studies
are shown in figure 2.9 on page 37).
The Jurf and Qishn formations were deposited in the vicinity of the Haushi-
Huqf palaeo-high and record shallower palaeo-environments than the Oman
Interior basins, spanning tidal flats to below storm-wave base open platform
(Immenhauser et al., 2004). The carbonate system was probably shielded
from the open Neo-Tethys ocean by the Haushi-Huqf island (Immenhauser
et al., 2000, 2004), thus evolving under more sheltered conditions than the
extensive epeiric Kharaib and Shu′aiba platforms.
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Immenhauser et al. (2004) provided carbon and strontium isotope chemostra-
tigraphy for the Qishn Formation concluding that the latter was deposited
during Barremian to Early Aptian times and allowing for the correlation be-
tween the Haushi-Huqf outcrop and the rest of the Arabian Plate (Schroeder
et al., 2010). The Jurf Formation is interpreted to form one depositional
sequence and to be time-equivalent to the Lower Kharaib and possibly the
Lekhwair formations (Immenhauser et al., 2004). The Qishn Formation is
interpreted to be organized in three large-scale transgressive-regressive cycles
and to be time equivalent to the Upper Kharaib Formation, Hawar Member
and the Lower Shu′aiba Formation.
Sattler et al. (2005) differentiated four types of discontinuity surfaces in
the Qishn Formation: composite surfaces, omission surfaces, erosion surfaces
and subaerial exposure surfaces. They identified 17 laterally extensive dis-
continuity surfaces that record regional relative sea-level fluctuations and 43
laterally limited discontinuities interpreted to record local processes such as
storm currents and waves.
The aim of this chapter is to complement the Immenhauser et al. (2004)
and Sattler et al. (2005) studies with quantitative data on sedimentary bod-
ies dimensions and geometries and to analyse the variability of depositional
patterns in the context of a sequence stratigraphic framework.
3.2 Results
3.2.1 Facies associations
Sixteen depositional facies have been recognized and grouped into six facies
associations (FA) Table 3.1.
FA1: Low diversity faunal mudstones to wackestones
FA 1 is composed of facies 1a, 1b and 1c characterized by mudstone to
wackestone textures with little faunal content (Fig. 3.1A to H). Facies 1a
is composed of centimetre-scale laminated mudstone beds with millimetre-
scale sub-parallel undulatory pinch and swell laminations (Table 3.1 and
Fig. 3.1A and A′). Facies 1a exhibits abundant desiccation cracks, birds-eye
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Table 3.1: Facies classification and sedimentological interpretation. The carbonate tex-
tures are defined using the Dunham (1962) classification. See section 2.2.1 on page 38
for definition of the relative abundance index of carbonate grains (data available in the
Appendixes CD) and the sedimentary rock exposure index.
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Figure 3.1: Main diagnostic criteria for peritidal facies interpretation (scale bar on
thin sections is 500 µm); A and A′- Facies 1a: 1- pinch and swell wavy laminations, 2-
desiccation cracks, 3- vugs, 4- cavity; B- Facies 1a: polygonal desiccation cracks; C- Thin
section, facies 1a: 1- desiccation cracks, 2- birds-eye structures, 3- stylolites, 4- evaporites
pseudomorphs; D, E- Thin section, facies 1a: bifurcated tube filled with sparite (D) and
geopetal infill of a vug (E). F- Facies 1b and 3a: 1- elongated patches of coarser textures
parallel to the bedding plane, 2- rounded and broken corals; G- Thin section, facies 1b:
1- aligned sponge spicule, 2- miliolid; H and H′- Facies 1b (coin for scale): 1- desiccation
cracks, 2- disrupted centimetre-scale bed of packstone, 3- rhizoturbation or bioturbation
filled with packstone, 4- root fragment, 5- vugs; I, J- Facies 2a: bidirectional trough-
cross beds (arrow in I) and polygonal desiccation cracks (arrow in J); K- Facies 2b: 1, 2-
horizontally and vertically aligned oyster shells.
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structures, stylolites and evaporite pseudomorphs (Fig. 3.1B and C), col-
lapse breccia (Fig. 3.3B), rip-up clasts (Fig. 3.3C), circumgranular cracks
and black pebbles (Fig. 3.3J). Vugs with geopetal infill of glauconitic-rich
silt or carbonate mud are present both in facies 1a and 1b (Fig. 3.1E). Bi-
furcated tubes similar to root moulds infilled with calcite (Figs 3.1D and H
and 3.2C) are found in facies 1a and 1b. Bioturbation is absent in facies 1a
and is common in facies 1b and 1c (Fig. 3.1H and H′) where it is occasionally
filled with high-diversity fauna packstones. Beds of facies 1b are composed of
decimetre-thick wackestones with patches of packstone to grainstone textures
(Fig. 3.1F, H and H′), and contain dasycladacean algae, miliolids and sponge
spicules most of which are aligned parallel to bedding (Fig. 3.1G). Facies 1c
are bioturbated decimetre-thick beds with homogeneous wackestone textures
and contain abundant miliolids.
The Jurf Formation presents two facies, 1d and 1e, that were not observed
in the Qishn Formation. Facies 1d are sandy dolostones composed of 10% to
30% of quartz and clays and occur in two decimetre-thick intervals at the base
of the Jurf Formation (Fig. 3.2A). The base of beds can contain up to 60-80%
quartz and clays. Quartz grains are randomly distributed, have irregular
rounded or angular hexagonal shapes and present evidence for peripheral
etching and corrosion (see section 4.2 and figure 4.1A on page 94). Moulds
of bioclasts were observed and bioturbation can be abundant suggesting that
the original matrix was a carbonate wackestone. Facies 1e are mudstones with
parallel, wavy, dome-shaped, non-erosive and regular laminations interpreted
to be microbial mats (Fig. 3.2D). Sedimentary structures include rip-up
clasts, tepee structures (Fig. 3.2B), fenestral fabrics and desiccation cracks.
Gypsum beds are occasionally present in between lamina (Fig. 3.2E).
FA2: Low diversity faunal floatstones to grainstones
FA2 is composed of facies 2a and 2b. These facies always overly deposits
of FA1. Facies 2a is a trough-cross bedded, well-sorted bioclastic grain-
stone mainly composed of peloids and millimetre-scale skeletal fragments
(Table 3.1). The decimetre-scale lamina of the trough-cross bed are formed
by abraded and aligned shell debris that occasionally show bi-directional
cross-bedding (Fig. 3.1I). Facies 2a occurs in two 0.5 to 1 metre thick beds
(see appendix A.1), laterally continuous for at least 1 kilometre (aspect ra-
tio >1000/1), and contain polygonal desiccation cracks (Fig. 3.1J). Facies
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D
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1
Figure 3.2: Main diagnostic criteria for sandy carbonates and microbial facies interpre-
tation. A- Facies 1d, sandy dolostone. Note the alignment of pebbles indicating cross-
stratification; B- Facies 1e, tepee structure; C- Facies 1b, mould of a bifurcated tubular
structure (possibly a root structure) filled with calcite cement; D- Facies 1e, Dome-shaped
microbial mats with desiccation cracks (arrows); E- Facies 1e, gypsum precipitate (arrows)
subparallel to the bedding plane within microbial mats; F- Facies 1e: 1- microbial mat
subparallel laminations, 2- rip-up clasts of microbial lamina at the base of bed.
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Figure 3.3: Main diagnostic criteria for discontinuity surfaces interpretation. A- Iron
stained omission surface OS1. Abundant bioturbation casts (arrow) filled with coarser
sediment (coin for scale); B, C- Composite surface CS1: 1- dissolution cavity, 2- tilted
tidal flat layers, 3- collapse breccia, 4- rip-up clasts (notebook and coin for scale); D-
Submarine erosion surface ES2: abraded rounded corals (arrow) at base of bed; E- Sub-
aerial exposure surface SE2: incision filled with darker carbonate sediments (notebook for
scale); F- Composite surface CS0a and b showing vertical straight tubular structures filled
with packstone (hammer for scale); G- Zoom of F: tubular structures in every orientation
filled by overlying bed (arrows); H, I- Composite surface CS0b: 1- iron stained tubular
structure, 2- reworked angular clasts from the underlying bed, 3- iron stained centimetre
to millimetre-scale tubular structures (pen for scale); J- Black pebble (coin for scale).
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2b is a floatstone containing oysters that are occasionally found aligned in
horizontal and vertical planes (Fig. 3.1K). The texture of the matrix of the
oyster floatstone is a wackestone to packstone composed of peloids, various
skeletal debris, as well as dasycladacean algae and miliolids and other ben-
thic foraminifera (Table 3.1). Bioturbation is pervasive and disturbs shell
alignments.
FA3: High diversity faunal wackestones to grainstones
FA3 is composed of facies 3a, 3b and 3c forming decimetres to metres thick
heavily bioturbated beds. These facies have wackestone-packstone (3a),
grainstone (3b) to wackestone (3c) textures, and are composed of dasy-
cladacean algae, solitary corals in living position, benthic foraminifera, well-
preserved oysters, rudists and gastropod shells and other skeletal debris (Ta-
ble 3.1). Occasionally, the bases of the 3a beds are composed of reworked
corals and shell debris aligned and parallel to the bedding plane (Fig. 3.1F
and Fig. 3.3D). The coral grainstones 3b develop in discontinuous patches,
tens of metres wide, and are overlain by and pass laterally into the high-
diversity faunal wackestones-packstones (facies 3a) or the oyster floatstones
(facies 2b).
FA4: Rudist dominated floatstones to rudstones
FA4 is composed of four different facies that differ in their faunal assemblages,
the degree of preservation of shells, and the carbonate mud to grain ratios
(Figs 3.4A and 3.5 and appendix B.1).
Facies 4a is a floatstone deposited as decimetre-thick bioturbated beds
characterized by the abundance of well-preserved shells and benthic forami-
nifera (Fig. 3.4E and F). Facies 4b is a cross-stratified poorly sorted rudstone
composed of abraded centimetre-scale skeletal debris (mainly rudists and oys-
ters) forming individual dunes and amalgamated sand bodies (Fig. 3.4B, C
and D). Individual dunes form either coarse (centimetre-scale) grained bars
hundreds of metres wide or fine (millimetre-scale) grained bars 7 to 11 m
wide (Figs 3.6 and 3.7). Coarse grained individual dunes are 0.10 to 0.64 m
thick and are characterized by well-developed planar decimetre-scale cross-
laminations dipping systematically 10 to 15◦ to the SW (Sh2 in Fig. 3.4B).
The fine-grained bars are 0.26 m thick on average and present poorly devel-
oped trough cross-stratification (Sh8 in Fig. 3.4C). The amalgamated sand
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4b: Cross-stratified Rudstone
4a: Bioturbated Floatstone
4b: Cross-stratified Rudstone
4c: Bioturbated Floatstone / Rudstone
4d: Rudist in situ
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Figure 3.4: A- Field photograph of FA4. Sh1, Sh2. . . Sh10 refer to shoal bodies shown
in figures 3.6 and 3.7; B- Facies 4b: Planar cross-beds of Sh2 dipping at 12◦ towards the
SW and load structures (arrow); C- Finer-grained Sh8 overlain by coarser-grained Sh2
(backpack for scale); D- Thin section, facies 4b: 1- peloid, 2- rudist shell, fragment 3-
micritized grain and cemented pore space; E- Facies 4a: fine textures and bioturbation
(arrow) (pen for scale); F- Thin section, facies 4a: 1- dasycladacean algae, 2- benthic
foraminifera, 3- rudist shell; G- Facies 4c: coarse textures and broken rudist shells (arrow);
H, I- Facies 4d: rudist in living position (arrow H) (coin for scale) and rudist in situ (arrow
I) at the top of a shoal body.
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Figure 3.5: Facies distribution within the shoal complex. Note the interfingering between
cross-stratified rudstones (facies 4b) and tabular floatstones (facies 4a) and rudstones
(facies 4c).
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body is 1.6 m thick and is made of stacked dunes that present poorly devel-
oped cross-stratification indicating a dominant current direction towards the
SSW (Sh1 in Figs 3.4A, 3.6 and 3.7).
Although the number of palaeocurrent measurements is statically poor
given the scale of the outcrop, every cross-stratification identified at outcrop
dips towards the SW-SSW. The carbonate bars are closely (ca. 50 m) or
widely (ca. 160 m) spaced (Fig. 3.6) and present a wide range of aspect
ratios (27 to more than 781, Fig. 3.7).
Facies 4c consists of decimetre thick rudstones beds composed of high-
diversity fauna (echinoderms, dasycladacean algae, benthic foraminifera and
reworked small corals) and abundant rudist skeletal debris (Fig. 3.4G). Tab-
ular beds of bioturbated floatstones 4a and rudstones 4c onlap on the cross-
stratified rudstones 4b (Fig.3.5 and appendix B.1). Facies 4d consists of
thin lenses of elevator rudists (sensus Gili et al. (1995)) in a living position
(Figs 3.4H and I) occurring occasionally on top of the cross-stratified rud-
stones (Fig. 3.4I) and more commonly on top of the bioturbated beds 4a and
4c (Fig. 3.4A).
FA5: Orbitolinid-dominated packstones to rudstones
FA5 is composed of packstone to grainstone textures characterized by the
abundance of benthic foraminifera of the genus Orbitolina. Orbitolinids are
associated with corals, dasycladacean algae, other benthic foraminifera and
shell debris (Table 3.1). The orbitolinids are flat and have discoidal tests up
to 3 mm in diameter.
FA6: Argillaceous wackestones to packstones
FA6 is composed of 2 facies, 6a and 6b, characterized by their dark brown
to dark grey colour and their argillaceous textures. Facies 6a is made of five
to six 5 cm thick grainstone wavy beds with sharp down-cutting bases that
occasionally pass up into cross-laminated grainstone beds and alternate with
the deposition of millimetre-thick muddy layers. The grainstone is cemented
and composed of a high-diversity faunal assemblage (Table 3.1) and benthic
foraminifera and skeletal fragments are preferentially oriented horizontally.
Facies 6b is an argillaceous wackestone composed of gastropods and bivalves,
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Figure 3.6: Block diagram to scale of the peritidal shoal complex showing each shoal
body identified. The location of the block diagram outline is shown on the Google Earth
satellite map and logged sections are shown for reference. Note the variability in the aspect
ratios of the shoal bodies.
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wide range of aspect ratios.
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in particular oysters, echinoderms, sponge spicules and benthic foraminifera
including Choffatella decipiens (Table 3.1).
3.2.2 Discontinuity surfaces
From the 16 discontinuity surfaces identified (see Fig. 3.8), only five have
not been already described and correlated by Sattler et al. (2005) in out-
crops located 20 kilometres northnortheast from the current study area. The
field characteristics of the discontinuity surfaces are shown in figure 3.3 and
compiled in Table 3.2 and in figure 3.8.
The surfaces named CS0a, CS0b and ES3* in this study were reported
by Sattler et al. (2005) but without identifying their genetic type and lat-
eral extent. Work on the Wadi Jarrah outcrop reveals that surfaces CS0a,
CS0b and ES3* extend for at least the length of the outcrop (one kilometre)
(Fig. 3.8). The laminated mudstone bed (facies 1a) below CS0a contains
vertical decimetre-long tubular features evenly spaced (Fig. 3.3F) filled with
high-diversity faunal wackestones to packstones (FA3), bifurcated tubular
structures filled with calcite cement (Fig. 3.1D), dissolution features such as
vugs and cavities filled with carbonate mud and subsequently calcite cement
(Fig. 3.1E) and erosional features such as reworked angular clasts. Surface
CS0a is overlain with a sharp boundary by a single highly cemented gray-
greenish wackestone with desiccation cracks composed of abundant aligned
and bedding parallel sponge spicules (facies 1b). The top of the cemented
Discontinuity surface 
types
Lateral extent Description Field photographs
OS: Omission surface OS1°>21km
increased burrowing below the surface, burrows 
are iron-stained and filled with different lithology
Fig. 3.3A
ES: Erosion surface
ES1°- 4°>21km 
ES3*>1km
reworking of underlying strata, shell lags and 
reworked corals, scouring
Fig. 3.3D
SE: Subaerial exposure 
surface
  SE2°>21km           
rhizoturbation, in situ brecciation, vadose silts, 
scouring 
Fig. 3.3E
CS: Composite surface
CS0a&b>1km       
CS1°- 5°>21km
 evidence for subaerial exposure (collapse 
breccia, dissolution cavities, rhizoturbation), iron 
staining, marine boring, erosion, scouring
Fig. 3.3B, C, F to I
Table 3.2: Types of discontinuity surfaces, their lateral extent and sedimentological
characteristics. Surfaces marked with ° are also described in Sattler et al. (2005).
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Figure 3.8: Facies, discontinuity surfaces and small-scale genetically related units correla-
tion along strike. MFS means Maximum Floodind Surface. SB means Sequence Boundary.
For key to symbols and colour code refer to Figure 3.14.
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FA below 
surface
Surface 
Name
Number of 
incisions
Colour and 
Texture 
Components Structures Interpretation
FA1 CS0b 4
dark 
brown W
aligned root fragments (2), skeletal debris 
(2), bird-eyes structures (3), porifera (2), 
dasycladacean (1) 
sharp scour base surface, scour lag contains dm-
scale angular clasts from the underlying bed
erosion of supratidal bed by high-energy 
currents 
FA6 ES1 3
dark grey 
P
peloids (3), skeletal debris (3),echinoderms 
(2), dasycladacean (1), root fragments (1)
sharp scour base surface, scour lag contains dm-
scale angular clasts from the underlying bed
erosion of subtidal bed by high-energy 
currents 
FA1 CS1 11  brown M  tubular features
 irregular scour base surface, scour lag contains 
cm-scale angular clasts from the underlying bed, 
desiccation cracks and tubular features infilled 
with calcite
erosion and dissolution due to 
karstification and marine flooding on 
supratidal bed
FA1 CS3 4
dark grey 
W-P
dasycladacean (3), porifera (2), peloids (2)
sharp scour base surface, scour lag contains dm-
scale angular clasts from the underlying bed, top 
of scour infill contain tubular shapes infilled by 
overlying bed
erosion of intertidal bed by high-energy 
currents
FA3 ES3* 3
light grey 
P
skeletal debris (3)
sharp scour base surface, scour lag contains dm-
scale angular clasts from the underlying bed
erosion of subtidal bed by high-energy 
currents 
FA1 SE2 18 brown M tubular features
irregular scour base surface, scour lag contains 
cm-scale angular clasts from the underlying bed, 
desiccation cracks and tubular features infilled 
with calcite
erosion and dissolution due to 
karstification and subsequent marine 
flooding on supratidal bed
Table 3.3: Number of incisions on discontinuity surfaces and description of the nature
and structures of their infill.
wackestone is the discontinuity surface CS0b that shows tubular features
filled with high-diversity packstones (Fig. 3.3G) and shows evidence of boring
and iron staining (Fig. 3.3H and I). Angular centimetre-scale black pebbles
(Fig. 3.3J) and rounded to angular clasts from the gray-greenish wackestone
(Fig. 3.3H) are found within the bed overlying CS0b.
Surfaces CS0b, ES1, CS1, CS3, ES3* and SE2 occasionally incise the
underlying bed forming symmetrical incisions 0.3 to 59 m wide and 0.07
to 0.7 m thick (Figs 3.9 and 3.10). The incisions are filled with angular
clasts from the underlying bed and dark coloured mudstones, wackestones to
packstones that contain higher amounts of organic matter and argillaceous
minerals than the carbonate beds (Fig. 3.9A to E). The nature of the infill
and the number of incisions varies with the facies association and the type
of discontinuity surface (Table 3.3). Incisions on CS0b (FA1, facies 1a) are
filled with a dark brown clay-rich and organic matter-rich wackestone with
birds-eye structures and the infill contains aligned fragments of wood, skele-
tal debris, sponge spicules and dasycladacean algae. Incisions on CS3 (FA1,
facies 1b) are filled with a bioturbated dark-grey carbonate wackestone rich
in well-preserved and well-sorted monospecific assemblages of dasycladacean
algae (Fig. 3.9G), and occasionally rich in open marine fauna such as sponge
spicules and Chofatella decipiens (Fig. 3.9F). The top of the infill is pene-
trated by tubular features in every orientation that are themselves filled with
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Figure 3.9: Morphology and nature of the infill of incisions (scale bar on thin sections
is 500 µm). A- Symmetrical incision on submarine erosion surface ES1 filled with dark
sediments; B- Incision on composite surface CS3 filled with dark sediments (hammer for
scale); C- Reworked angular clasts (arrow) of the underlying bed (coin for scale); D-
Tubular structure (arrow) filled with sediment from the overlying bed; E- Symmetrical
incision on submarine erosion surface ES3* filled with light grey sediment; F, G- Thin
section of the infill on CS3: F1- Chofatella decipiens, F2- sponge spicule, G3- reworked
angular clast on the left, G4- dasycladacean algae; H- Thin section of the infill on ES1.
Note the high organic matter content: 1- clast of cemented peloidal grainstone, 2- mould
of a root fragment.
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Figure 3.10: Cross-plot of the widths and thicknesses of incisions. The conceptual shape
of an incision shows the definition of the width and the thickness.
packstones from the overlying bed rich in open marine fauna (Fig. 3.9B and
D). Incisions in ES1 (FA6, facies 6a) are filled by dark grey wackestones to
packstones with peloids, dasycladacean debris of different sizes, echinoderms
and skeletal debris (Fig. 3.9H). The surface ES3* (FA3, facies 3a) is associ-
ated with incisions filled with a light grey bioclastic wackestone to packstone
(Fig. 3.9E). The surfaces CS1 and SE2 present incisions with irregular bot-
toms associated with collapse breccia (Fig. 3.3B) and are filled with a brown
cemented carbonate mudstone (Fig. 3.3E) with centimetre-scale tubular fea-
tures and desiccation cracks filled with calcite cement, and contain little
reworked material from the underlying bed (Table 3.3).
The thicknesses and lengths of the incisions are weakly linearly correlated
except for surface CS3 that present a strong linear correlation (Fig. 3.10).
The incisions on surfaces CS1 and SE2 are more abundant (11 to 18 incisions
were found per discontinuity surface) and are clustered whereas the incisions
on surfaces CS0b, ES1, CS3 and ES3* are less abundant (3 to 4 incisions were
found per discontinuity surface) and usually more widely spaced (average
spacing ca. 118 m, n=9) (Fig. 3.11).
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Figure 3.11: Base maps of the outcrop with outline of the discontinuity surfaces showing
the spatial distribution of incisions. Each incision is represented by a black dot.
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Figure 3.12: Cross-plot of micrite δ13C and δ18O values for different facies associations.
The samples located below discontinuity surfaces, CS0a and b, ES3* and SE2 are indicated.
The range of carbon and oxygen isotopic values for Cretaceous marine calcite (Veizer et
al., 1999) and the Shu′aiba Formation in the subsurface (Vahrenkamp, 2010) are indicated
for comparison.
3.2.3 Carbon and oxygen isotopic ratios
Carbon and oxygen isotopes values taken from micrite show some dependence
on facies and on stratigraphic position (Fig. 3.12). The facies of FA4, FA5
and FA6 have δ13C and δ18O values that average 1.2‰ (n = 10, standard
deviation S.D.= 0.25‰) and -4.1‰ (n = 10, S.D.= 0.49‰) respectively.
The facies of FA1 and FA2 have a mean δ13C value of -1.2‰ (n = 16, S.D.=
1.1‰) and a mean δ18O value of -4.6‰ (n = 16, S.D.= 1.0‰), i.e. the
δ18O values are similar to FA4, FA5 and FA6. The samples taken below
discontinuity surfaces ES3*, SE2, CS0a and CS0b have δ13C values ranging
from -0.17‰ to -3.4‰. The infill of scours on discontinuity surfaces CS3 and
ES1 have an average δ18O of -4.7‰ and δ13C of -0.80‰. The δ18O values
are therefore similar above and below the discontinuity surface but the δ13C
values of the infill are about 1 to 2‰ less than the incised and overlying bed.
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Based on the trend of δ13C with depth, the section can be subdivided into
four distinct intervals (Z1-Z4, Fig. 3.13). The mean δ13C value at the base
of the section (Z1) is -1.5‰, with a minimum of -2.5‰ at the top of Z1.
The transition from Z1 to Z2 is marked by a sharp positive shift (+3.5‰)
in δ13C whereas δ18O does not change. In interval Z2 the δ13C values vary
little, with values between 0.9‰ and 1.4‰. In Z3, the δ13C and δ18O val-
ues decrease slightly (δ13C ranges from 1.0‰ to -0.2‰), and the decrease is
more pronounced in Z4 (δ13C ranges from -0.2‰ to -3.5‰). The top of Z4
is characterized by an increase in δ13C (-3.5‰ to -0.5‰) and δ18O (-7‰ to
-5.5‰) values.
Because isotopic ratios were measured on bulk samples and on micrite sam-
ples that must have undergone some degree of diagenesis, the values reported
might not represent the original isotopic values at deposition. Given that the
values show some facies dependence it is suggested that at least some of the
original carbon and oxygen isotopic signature is preserved.
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Figure 3.13: δ13C and δ18O micrite values of section M plotted against stratigraphic
height. The carbon isotope curve for Wadi Jarrah is correlated to the δ13C record from
southeastern France of Fo¨llmi et al. (2006). The strontium isotope curve (solid line) with
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Shu′aiba Formation (Simmons, 1994) is shown.
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3.3 Interpretation and discussion
3.3.1 Depositional setting and processes
The term ”peritidal” (Folk, 1973) is used to designate a range of marine
environments divided into three main bathymetric zones (Shinn et al., 1969).
These zones have different percentages of exposure time that are associated
with characteristic sedimentary features (Ginsburg et al., 1977). Results
from field sedimentology and thin section analysis reveal that many closely
spaced sub-environments co-existed (Fig. 3.14).
FA1: Supratidal and upper intertidal environment
Desiccation related features (exposure indices of 90 to 100 for facies 1a and 55
to 100 for facies 1b and c), geopetal structures and bifurcated tubular struc-
tures that could be interpreted as rootlets are present in FA1 and indicate an
intermittently to permanently exposed environment. The difference in the
exposure index between facies 1a and facies 1b and 1c suggests deposition
in two sub-environments. The parallel laminations of facies 1a indicate that
deposition was primarily from suspension and the preservation of the lam-
inations suggests that induration was rapid, and/or that bioturbating and
grazing organism were absent. The high exposure index and the preserva-
tion of the laminae indicate that deposition was in a supratidal environment
because rapid induration is a distinctive feature of prolonged subaerial expo-
sure (Shinn, 1983). Observations from the Bahamas (Hardie, 1977; Shinn et
al., 1969; Tucker and Wright, 1990) suggest that laminations on tidal flats
are linked to storm events, and this could be applicable to the Haushi-Huqf
area. The suspension load during each tidal cycle is low, but during storms
subtidal sediments are stirred into suspension by strong waves, transported
to the flats by storm currents and deposited from suspension during the wan-
ing phases of the storm.
The tubular structures observed in facies 1a below surface CS0a (Fig. 3.3F)
could be interpreted as root casts because of the regular spacing of the struc-
tures, the scarcity of structures oriented in the horizontal direction and the
absence of these types of structures elsewhere in the outcrop. However, it is
possible that these structures represent a particular type of marine bioturba-
tion. Irrespective of the mechanism for the formation of the open burrows,
3.3 Interpretation and discussion 69
E
S
E
W
N
W
1
a
: 
L
a
m
in
a
te
d
 
m
u
d
st
o
n
e
2
a
: 
C
ro
ss
-s
tr
a
ti
!
e
d
 
g
ra
in
st
o
n
e
2
b
: 
O
ys
te
r
 "
o
a
ts
to
n
e
3
b
: 
C
o
ra
l
 g
ra
in
st
o
n
e
3
a
: 
B
io
tu
rb
a
te
d
 
p
a
ck
st
o
n
e
5
: 
O
rb
it
o
lin
id
-C
o
ra
l
 r
u
d
st
o
n
e
U
p
p
e
r
In
te
rt
id
a
l
F
W
W
B
S
u
p
ra
ti
d
a
l
S
h
a
llo
w
 S
u
b
ti
d
a
l
D
e
e
p
 S
u
b
ti
d
a
l
L
o
w
e
r 
In
te
rt
id
a
l
1
b
: 
S
to
rm
 
w
a
ck
e
st
o
n
e
>
1
 k
m
4
a
-d
: R
u
d
is
t
S
h
o
a
l
S
W
B
In
ci
si
o
n
s
1
c
: 
R
e
st
ri
ct
e
d
 
w
a
ck
e
st
o
n
e
3
c
: 
B
io
tu
rb
a
te
d
  
w
a
ck
e
st
o
n
e
6
a
: S
to
rm
 
g
ra
in
st
o
n
e
6
b
: A
rg
ill
a
ce
o
u
s 
w
a
ck
e
st
o
n
e
/p
a
ck
st
o
n
e
FA
 1
FA
 2
FA
 3
FA
 4
FA
 5
FA
 6
R
u
d
is
ts
 i
n
 s
it
u
C
o
ra
ls
 i
n
 s
it
u
G
a
s
tr
o
p
o
d
s
 
S
e
d
im
e
n
ta
ry
 S
tr
u
c
tu
re
s
 a
n
d
 C
a
lc
a
re
o
u
s
 G
ra
in
s
F
a
c
ie
s
 a
n
d
 i
n
te
rp
re
te
d
 d
e
p
o
s
it
io
n
a
l 
e
n
v
ir
o
n
m
e
n
t
T
ro
u
g
h
 c
ro
s
s
-b
e
d
d
in
g
D
a
s
y
c
la
d
a
c
e
a
n
M
ili
o
lid
s
O
rb
it
o
lin
id
s
B
e
n
th
ic
 f
o
ra
m
in
if
e
ra
P
la
n
a
r 
c
ro
s
s
-b
e
d
d
in
g
D
e
s
ic
c
a
ti
o
n
 c
ra
c
k
s
E
c
h
in
o
d
e
rm
s
 
O
y
s
te
rs
P
o
ri
fe
ra
 (
s
p
o
n
g
e
 s
p
ic
u
le
)
T
e
p
e
e
 S
tr
u
c
tu
re
B
o
ri
n
g
B
io
tu
rb
a
ti
o
n
Ir
o
n
 s
ta
in
in
g
D
is
c
o
n
ti
n
u
it
y
 s
u
rf
a
c
e
s
la
te
ra
l 
e
x
te
n
t:
 a
t 
le
a
s
t 
2
1
 k
m
la
te
ra
l 
e
x
te
n
t:
 a
t 
le
a
s
t 
1
 k
m
E
ro
s
io
n
L
o
a
d
 s
tr
u
c
tu
re
S
h
e
ll 
a
lig
n
m
e
n
ts
C
S
: 
c
o
m
p
o
s
it
e
 s
u
rf
a
c
e
E
S
: 
e
ro
s
io
n
 s
u
rf
a
c
e
O
S
: 
o
m
is
s
io
n
 s
u
rf
a
c
e
S
E
: 
s
u
b
a
e
ri
a
l 
e
x
p
o
s
u
re
 
C
o
ra
ls
’ f
ra
g
m
e
n
ts
R
u
d
is
ts
R
u
d
is
ts
’ f
ra
g
m
e
n
ts
S
u
b
-p
a
ra
lle
l 
la
m
in
a
e
In
c
is
io
n
s
3
a
: 
B
io
tu
rb
a
te
d
 h
ig
h
 d
iv
e
rs
it
y
 W
 t
o
 P
1
b
: 
B
io
tu
rb
a
te
d
 W
 w
it
h
 P
-G
 p
a
tc
h
e
s
5
: 
B
io
tu
rb
a
te
d
 P
-R
 w
it
h
 o
rb
it
o
lin
id
s
 
1
a
: 
L
a
m
in
a
te
d
 M
-W
2
a
: 
C
ro
s
s
-l
a
m
in
a
te
d
 G
3
b
: 
C
o
ra
l 
b
io
s
tr
o
m
e
4
b
: 
C
ro
s
s
-l
a
m
in
a
te
d
 R
2
b
: 
O
y
s
te
r 
F
 w
it
h
 P
 m
a
tr
ix
4
d
: 
R
u
d
is
t 
b
io
s
tr
o
m
e
4
a
: 
B
io
tu
rb
a
te
d
 F
4
c
: 
B
io
tu
rb
a
te
d
 R
1
c
: 
B
io
tu
rb
a
te
d
 l
o
w
 d
iv
e
rs
it
y
 W
3
c
: 
B
io
tu
rb
a
te
d
 h
ig
h
 d
iv
e
rs
it
y
 W
6
b
: 
A
rg
ill
a
c
e
o
u
s
 W
-P
6
a
: 
H
ig
h
-d
iv
e
rs
it
y
 f
a
u
n
a
 G
c
A
b
u
n
d
a
n
t 
T
h
a
la
s
s
in
o
id
e
s
E
p
ik
a
rs
t
R
o
o
ts
, 
ro
o
t 
fr
a
g
m
e
n
ts
M
- 
M
u
d
s
to
n
e
W
- 
W
a
c
k
e
s
to
n
e
P
- 
P
a
c
k
s
to
n
e
G
- 
G
ra
in
s
to
n
e
F
- 
F
lo
a
ts
to
n
e
R
- 
R
u
d
s
to
n
e
T
e
x
tu
re
s
Figure 3.14: Depositional model for the Barremian-Aptian Qishn Formation. Facies and
facies associations colour code and key to symbols.
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the filling of the structures is interpreted as a storm-related event generating
tubular tempestites analogous to processes observed on the Caicos Platform
(Wanless et al., 1988a) where open burrows are filled with coarse subtidal
sediments during storms.
Facies 1b shows evidence for intermittent exposure, bioturbation, and
contain patches of packstones-grainstones composed of aligned open ma-
rine fauna such as sponge spicules. The packstones were most probably
deposited as centimetre-thick beds intercalated with wackestones, and sub-
sequent burrowing destroyed the initial stratification. The tubular shaped
patches of packstones can be interpreted as filled burrows. Storm infilling of
open burrows (tubular tempestites) and hurricane-generated thinly bedded
grainstones were both identified as the dominant style of stratification on the
carbonate tidal flat on the Caicos Platform (Wanless et al., 1988a, 1988b).
Facies 1b is interpreted as being deposited in a storm-dominated intermit-
tently exposed upper intertidal environment connected to the open marine
environment.
Facies 1c contain low diversity fauna indicating high-salinities (Flu¨gel,
2004) and present a similar exposure index than facies 1b, but does not con-
tain evidence for a strong storm influence. Facies 1c is interpreted as being
deposited in an intermittently exposed restricted upper intertidal environ-
ment, possibly protected by carbonate sand bars.
FA2: Lower intertidal environment
Lateral variation is seen in the thicknesses of trough-cross bedded grain-
stones (2a) and oyster floatstones (2b) because of the irregular topography
of the underlying tidal flats. Bi-directional current related structures such as
cross-beds in facies 2a and the shell alignments in facies 2b indicate that the
sediments were subjected to traction transport. The very small thickness to
width ratios of the bioclastic grainstone bars (<1/1000) and the close asso-
ciation of these facies with the tidal flat sediments is analogous to sand flat
environments from the modern shorelines of the Bahamas, Yucata´n and the
Persian Gulf (Fig. 3.15).
By analogy to modern high-energy intertidal sand flats, the well-sorted
bioclastic grainstone can be interpreted as being the result of sediment trans-
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Figure 3.15: Satellite images of modern shallow-water carbonate environments show-
ing tidal flats and sand flats environments. A- Tidal flats and channels on the western
side of Long Island and along the eastern margin of the Great Bahamas isolated plat-
form (ISS Crew Observations experiments and Image Science and Analysis Laboratory,
Johnson Space Center, earthobservatory.nasa.gov). Note the thinning of the tidal chan-
nels from the Caribbean Sea towards the tidal flats. B- Carbonate sand bars around the
coast line and islands in the Persian Gulf ramp (Harris, 1994). C- Subtidal sediments
(light green-brown colour) deposited along the coastline on the Yucata´n carbonate ramp
(earthobservatory.nasa.gov).
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port from the subtidal zone by waves. Since the grains are extensively mi-
critized and peloids are an important constituent of the sands, reworked mud
from the subtidal lagoon must have been an important source of sediment
to the sand bar (Tucker and Wright, 1990). The presence of relatively little
mud and miliolids in the oyster floatstones indicates deposition under strong
tidal or storm currents and waves, and salinities slightly above normal ma-
rine values (Flu¨gel, 2004). Given the composition of facies 2a and b, their
close association with FA1 and the presence of desiccation cracks, the latter
are interpreted as being deposited in the lower-intertidal environment.
FA3: Shallow subtidal environment
The high-diversity fauna facies (3a and c) and the coral facies (3b) are com-
posed of marine photosynthetic organisms, such as corals and dasycladacean
algae and were therefore deposited under clear shallow-water. The coral fa-
cies is characterized by low amounts of carbonate mud and the high-diversity
packstones of facies 3a are characterized by the abundance of skeletal debris
indicating a medium-energy environment, probably in a subtidal open ma-
rine environment. The coral facies is laterally discontinuous but the lateral
dimensions were not confidently established given the extensive weathering
of this facies. A possible control on the distribution of the corals could be
the presence of firmgrounds that are preferentially colonized by sessile or-
ganisms (Immenhauser et al., 2004). The open marine sediments of facies 3a
are commonly intensively bioturbated, have a diverse and abundant fauna,
and contain shell-rich lag deposits. This indicates normal salinities and the
existence of a connection with the open sea that allowed waves and currents
to winnow fines and create skeletal lags. The faunal assemblage of facies 3c
is similar to facies 3a but with muddier textures. Facies 3c is interpreted
as being deposited in an open marine environment under lower wave ener-
gies, possibly less influenced by storms in a protected environment behind
carbonate sand bars.
FA4: Subtidal shoal complex
The close lateral association of the facies of FA4 (facies 4a, 4b, 4c and 4d) in-
dicates that they were deposited at a similar position on the depositional pro-
file (see figure 3.5 and Appendix B.1). Planar cross-stratification is evidence
for unidirectional traction transport. Deposition of the poorly sorted high-
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diversity fauna cross-stratified rudstone (facies 4b) is therefore fundamentally
different from the weakly developed bi-directional trough-cross stratification
of the well-sorted peloidal grainstone (facies 2a). The abundance of abraded
skeletal grains and geometry of the cross-stratified beds (smaller aspect ratios
than facies 2a) suggest that facies 4b was deposited in a subtidal environ-
ment above the fair weather wave base (FWWB). The dip orientation of the
cross-stratifications suggests that individual and stacked underwater carbon-
ate sand dunes migrated in an approximately SW direction, parallel to the
shoreline of the Haushi-Huqf island.
Laterally the dunes pass into tabular bioturbated beds of reworked float-
stones and rudstones (facies 4a and 4c respectively) and into thin lenses of
in situ elevator rudists (facies 4d) mostly preserved at the top of the shoal
complex. Elevator rudist complexes are thought to accumulate in water
depths of 2 to 10 m and to be restricted to low energy environments: they
typically colonize the back-barrier slope (Hughes, 1998). In high-energy en-
vironments, organic matter may be transported in suspension and dispersed
over large areas, spilling over the barrier into the lower energy environments,
thus favouring the development of suspension feeders such as rudists (Pit-
tet et al., 2002; Scott, 1995). The scarcity of in situ rudists combined with
widespread evidence for sediment reworking suggests that rudists were not
reef-builders at Wadi Jarrah. The rudist barrier is considered to be an en-
larged sediment bank similar to that described worldwide for the shallow
water Cretaceous seas in Gili et al. (1995). A sediment bank interpretation
for FA4 is consistent with the sporadic occurrence of open marine fauna such
as sponge spicules and benthic foraminifera in intertidal and supratidal fa-
cies indicating only partial restriction with episodic marine incursions. The
lack of framework builders meant that the rudist complex was prone to re-
working during storms (Ross and Skelton, 1993), which explains why only a
few, small lenses of in situ living associations are preserved in the rock record.
There is no systematic facies juxtaposition between the bioturbated float-
stones, the bioturbated rudstones and the dunes. The absence of mud and
the presence of abraded skeletal debris and reworked open marine fauna in
the rudstones (facies 4c) could indicate deposition from storm related waves
and/or could indicate that sediments were facing seaward of the rudist bank
and permanently subjected to currents and waves. Given that facies 4c does
not occur systematically on the seaward side of the barrier, facies 4c is partly
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interpreted as a storm deposit. The bioturbated floatstone (facies 4a) is the
most abundant facies found in between the dunes. The presence of mud and
extensive bioturbation in facies 4a indicates low energy environments with
possibly reduced sedimentation rates.
FA5 and FA6: Argillaceous subtidal environment
Facies 5 is characterized by the presence of the Early Aptian foraminifer
Palorbitolina lenticularis (Immenhauser et al., 2004) which occurs over the
entire Arabian platform (Vilas et al., 1995), and the presence of photosyn-
thetic corals and dasycladacean algae indicate water depths within the photic
zone. Different degrees of preservation of the carbonate grains is evidence
for reworking, and the absence of mud in a carbonate system where mud
producing organisms exist (given the presence of wackestones and packstones
throughout the outcrop) suggests an environment permanently swept by cur-
rents, possibly on a fore-shoal in an open marine setting above the FWWB.
In contrast, the diversified, well-preserved fauna, the presence of Chofatella
decipiens and the absence of photosynthetic organisms in the argillaceous
and muddy facies 6b are diagnostic of relatively low energy deposits below
the storm wave base (SWB) as it has already been suggested by Immen-
hauser et al. (2004). Alternatively, argillaceous and muddy facies could have
deposited above SWB and be related to an influx of clays from the hinter-
land which would have slowed down carbonate production. In the absence of
strong palaeo-bathymetric indicators it is difficult to favour one hypothesis
over the other. The occurrence of grainstone beds (facies 6a) cutting into
low-energy deposits suggests the influence of storms and deposition above
SWB.
Incisions on discontinuity surfaces
Prominent features of the rock record at Wadi Jarrah are the incisions ob-
served in the supratidal upper intertidal (FA1), subtidal (FA3) and deep
subtidal (FA6) environments. Although a causal mechanism involving tides
is possible (Sattler et al., 2005), it should be noted that (i) the incisions have
been observed on top of supratidal deposits and therefore only within the
reach of spring and storm tides; (ii) all the incisions observed under differ-
ent outcrop orientations are symmetrical and have comparable aspect ratios
(Figs 3.9 and 3.10). Tidal channels would be expected to show elongation
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in one direction (Fig. 3.15); (iii) the incisions have the same dimensions in
the deep subtidal and supratidal environments whereas tidal channels are
usually narrower and shallower when traced landwards (Fig. 3.15).
Scours are interpreted to be analogous to the erosional depressions in-
terpreted to form by storm waves and currents in zones of sediment by-pass
that have been extensively described in the literature (see Myrow (1992) for
references). The scours contain open marine fauna such as Chofatella de-
cipiens, echinoderms and sponge spicules indicating that subtidal sediments
filled them during the waning phase of the storm. Tubular structures filled
with coarse textures rich in open marine fauna found on the top of the infill
are interpreted as tubular tempestites sensu Wanless et al. (1988a).
On surface CS3, the exceptional preservation and the similar sizes of the
mono-specific assemblages of dasycladacean algae (Fig. 3.9G) suggests that
they were not transported by high energy currents but grew in situ (Flu¨gel,
2004). Scours that develop on subaerial exposure surfaces (CS1 and SE2)
in the supratidal environment are filled with carbonate mud characterized
by the absence of any identifiable bioclastic grains. Surprisingly, scouring
is found to be more abundant in supratidal environments further removed
from the high energy processes typical of intertidal and subtidal depositional
environments. A possible explanation for the high number of scours encoun-
tered on surfaces CS1 and SE2 is that some of the depressions observed were
created by dissolution and collapse related to karstification rather than by
physical erosion. In fact, CS1 and SE2 are epikarsts (Sattler et al., 2005)
that show evidence for extensive dissolution (cavities and collapse breccia,
see section 3.2.2 on page 59).
The low δ13C values of the sediments filling the scours (Fig. 3.12) could
suggest restricted water circulation, the mixing of 12C-rich runoff water or
early meteoric diagenesis (Immenhauser et al., 2003). The scours contain
high amounts of organic matter and clay-rich minerals, which could indi-
cate increased terrestrial input associated with a relative sea-level (RSL) fall.
Scours would form more or less restricted ponds in supratidal and intertidal
environments, a common feature on the Andros Island tidal flats that are
characterized by reduced tidal fluctuations (Fig. 3.15) (Shinn et al., 1969).
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3.3.2 Paragenesis of the Jurf and Qishn formations
A summary of the sequence of diagenetic events affecting the Jurf and Qishn
formations is briefly presented in the following subsection (Fig. 3.16). The
full evaluation of the paragenetic sequence is beyond the scope of this study.
Diagenetic events relevant for this study, such as dolomitization (D1 and D2),
dedolomitization (DD) and cementation of grain-dominated facies (cal0a,
cal0b, cal1, cal2a, cal2b) are addressed in chapter 4 page 91 and chapter 5
page 124 respectively.
Micritic grains such as peloids and micritic matrices underwent some
degree of dissolution (Fig. 3.17) creating porosity in mud-dominated facies.
This aspect of micrite diagenesis would be interesting to further explore but
it is out of the scope of this study.
DIAGENETIC EVENTS
 TIME
Marine 
diagenesis
Meteoric 
diagenesis
Shallow burial
 diagenesis
Outcrop 
exposure
Micrite envelopes
Bladed-fibrous calcite rim cements
Early dolomitization
Equant calcite pore filling cement
Dolomitie cement
Dissolution stage I: mouldic and 
vuggy porosity related to subaerial 
exposure of the top Qishn Fm
Pore filling calcite cement
Mechanical compaction
Dissolution stage II: mouldic and 
vuggy porosity, exposure of the 
Nahr Umr Fm
Fracture generation
Stylolitization
Dedolomitization
Dissolution stage III: vuggy 
porosity and dissolution 
of dolomite
Partial dolomitization
Mouldic porosity: dissolution of 
aragonitic components
Equant pore lnning and pore 
filling calcite 
Porosity-enhancing process Porosity-destructive processNon affecting-porosity process
cal0a
cal0b
D2
cal1
D1
cal2a - cal2b
DD
?
D2
?Dolomitie cement
?
Figure 3.16: Summary of the paragenetic sequence for the Jurf and Qishn formations.
Chart shows the relative timing of carbonate cements precipitation, dolomitization and
other diagenetic events. Diagenetic processes have been distinguished into three types:
those that created, destroyed or had little effect on porosity development.
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A B
Figure 3.17: Micrite diagenesis in the Qishn Formation (scale bar is 100 µm). A- Normal
light photomicrograph of a blue dyed thin section of facies 4a. Micritic peloids are porous
which could indicate a phase of micrite dissolution. B- Normal light photomicrograph of a
blue dyed thin section of facies 6b. On the fracture wall and 600 µm from it, the micritic
matrix is more porous possibly indicating a phase of micrite dissolution after fracturing.
3.3.3 Depositional genetically related units
The shallow-water carbonates at Wadi Jarrah are organized into 11 geneti-
cally related units, bounded by regional (i.e. correlatable over tens of kilo-
metres) flooding surfaces at 1 to 4 m intervals, based on the correlation of the
discontinuity surfaces with the Sattler et al. (2005) study (Fig. 3.8, Table 3.4
and Appendix C.1). The terminology of Soreghan and Dickinson (1994) that
was adapted and expanded from Kendall and Schlager (1981) was used to
classify the units. Three main types of small-scale units are distinguished
and referred to as type σ, ρ and pi (Table 3.4).
Type σ genetically related units are progradational to aggradational,
don’t fill to sea-level and are capped by omission or submarine erosion sur-
faces. Type σ units correspond to ”give-up sequences” sensu Soreghan and
Dickinson (1994) because they are composed only of subtidal facies suggest-
ing that rates of sedimentation lag behind rates of accommodation change.
Units σ are divided into three sub-types (σa, σb, σc) according to their fa-
cies associations and the type of discontinuity surface at the top of the unit
(Table 3.4).
Genetically related units ρ and pi correspond to upward shallowing facies
successions bounded by flooding surfaces, which indicate that the rate of
sediment accumulation outpaces subsidence and sea-level changes (Strasser,
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1991). Sequences ρ and pi correspond to parasequences as defined by van
Wagoner et al. (1988).
Catch-down parasequences ρ are truncated sequences creating an incomplete
facies succession where supratidal facies are developed directly on top of sub-
tidal facies and are bounded by composite and submarine erosion surfaces.
Parasequences ρ are subdivided into two categories ρa and ρb according to
their facies associations (Table 3.4).
Catch-up parasequences pi are units in which the rate of sedimentation
lags behind the rate of accommodation creation during the initial transgres-
sion, but then exceeds the accommodation space during highstands. Catch-
up parasequences are fully progradational units formed of a complete facies
succession.
3.3.4 Controls on the stacking pattern of small-scale
genetically related units
Metre-scale sequences are common in carbonate platforms, and the mecha-
nisms proposed for their generation include the tidal flat autocyclic model
(Ginsburg, 1971), variations in sedimentation-redistribution (Cloyd et al.,
1990), episodic tectonism (Bosence et al., 2009; Cisne, 1986), and eustatic
oscillations (Koerschner and Read, 1989).
Although glacio-eustasy is unlikely to be the main control for Barremian se-
quences since the ice caps and high-altitude glaciers were small (Frakes et
al., 1992), evidence for glacial deposits (Alley and Frakes, 2003) and glacial
control on rapid sea-level changes (Stoll and Schrag, 1996) during Early Cre-
taceous times have been reported. Furthermore, orbitally-controlled changes
in insolation could have impacted sea level through thermal expansion and
contraction of both the uppermost layer (Gornitz et al., 1982) and the deep-
layer (Schulz and Scha¨fer-Neth, 1997) of the ocean, and/or by water retention
and release in lakes and aquifers (Jacobs and Sahagian, 1993). In any case, in
greenhouse conditions autocyclicity should dominate due to the lesser forcing
potential of eustatic sea-level changes (Lehrmann and Goldhammer, 1999).
σ: Give-up subtidal units
Unit type σa is composed of a laminated (non-bioturbated) transgressive
bed with abundant dewatering structures indicating rapid sedimentation in
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Type of genetic unit
3rd-order 
system 
track
Facies succession
Bounding surfaces 
types and 
(thickness) 
Interpretation
Early TST
Facies of FA4: floatstone with open 
marine faunas (4a) grade into cross-
stratified rudstones (4b) capped by 
floatstones and rudstones (4a&c) with 
increasing muddy textures and 
preserved rudists in situ (4d).
Base: composite 
surface;                                  
Top: omission 
surface.                
(3.5 m) 
give-up sequence composed of high-energy shoal 
complex subtidal facies deposited above the FWWB; 
Carbonate sand bars develop first as individual 
dunes and then as stacked dunes. Shoals prograde, 
then aggrade and the shoal system terminates by 
the stabilization of the bars and the development of 
rudist biostromes possibly recording a RSL rise.
Late TST
Facies of FA6, FA5 and FA3: 
argillaceous wackestones (6b) have 
increasing mud content towards the top 
and orbitolinid-rich packstones (5) are 
sharply overlain by bioturbated 
wackestones (3c) with increasing mud 
content towards the top.
Base and Top: 
omission surface;                
(1.5-2 m)
give-up sequence shallowing or deepening upwards 
composed of subtidal facies; the transgressive lag is 
composed of reworked orbitolinids and coral 
biostromes indicative of high wave energies. The 
sequences terminate with omission and an increase 
in mud content indicating lower energies and 
possibly a RSL rise.  
Early HST
Facies of FA5 and FA6; argillaceous 
wackestone (6b) are capped by 
grainstone tempestites (6a) and 
orbitolinid-rich rudstone (5) are capped 
by wackestones with increasing 
amounts of reworked material.
Base: omission and 
erosion surface;                     
Top: marine erosion 
surface.                   
(2-2.7 m)
give-up sequence composed of one FA only 
deposited at or below the FWWB seaward to the 
subtidal shoals; the lithofacies succession records 
gradually increasing storm influence possibly as the 
platform shoaled.
Early mid-
HST
Facies of FA3 and FA1; evolution from 
a coral biostrome (3b), to an open 
lagoon (3a) capped by upper 
intertidal/supratidal deposits (1a&b)
Base: submarine 
erosion surfaces;                                          
Top: composite 
surfaces.                         
( 2-3.5 m)
catch-down sequence composed of subtidal facies 
overlain by supratidal facies, shallowing up to sea 
level and characterized by the absence of lower 
intertidal facies (FA2); records an incomplete 
progradational facies sequence. Possibly records a 
RSL fall.
Late mid-
HST
Facies of FA3; coral biostrome (3b) 
capped by open lagoon deposits (3a) 
and open lagoon (3a) capped by upper 
intertidal deposits (1b)  
Base: composite 
surfaces;                      
Top: composite and 
erosion scoured 
surfaces.                 
(1-2.5 m)
catch-down sequence composed of an incomplete 
shallowing succession of subtidal to intertidal facies 
cut by submarine erosion; records a truncated 
progradational facies sequence. Possibly records a 
RSL fall.
Late HST
Facies of FA2 and FA1; evolution from 
oyster floatstone (2b) to high-energy 
grainstones (2a) capped by upper 
intertidal/supratidal deposits (1a&b).
Base: submarine 
erosion,                      
Top: composite 
surface and 
subaerial exposure 
surface.                   
(1.5-2.5 m)
catch-up sequence composed of intertidal facies 
overlain by supratidal facies; records a complete 
progradational facies sequence with phases of 
omission and erosion within the sequence. Possibly 
records a RSL fall.
Table 3.4: Description and interpretation of small-scale genetic units.
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a subtidal environment (FA4). Individual dunes first prograde and then ag-
grade, indicating that transport and erosion rates are high, and then decrease
allowing for stabilization of the dunes. The top of the sequence is composed
of bioturbated floatstones and in situ rudists that are capped by an omis-
sion surface. The increasing mud content and preservation of in situ rudists
towards the top of the unit indicates that energy levels decrease. The oc-
currence of an omission surface at the top of sequence σa indicates that the
sedimentary system was starved, at least locally. This is due to reduced trans-
port and erosion rates that could be related to a base-level change (increase
in relative sea level) and/or an environmental change such as a decrease in
storm frequency, a decrease in current strength and/or the growth of a barrier
on the shelf (increased protection by the sand bars). Unit σa composed of
shallow subtidal deposits is sharply overlain by sequence type σb composed
of deeper subtidal argillaceous deposits indicating an increase in RSL.
Unit type σb are characterized by increased bioturbation and mud con-
tent towards the top of the unit and are capped by an omission surface,
including OS1 that indicates the maximum flooding of the platform (Sattler
et al., 2005). The increase in bioturbation indicates reduced sedimentation
rates due to decreased sediment supply and/or transport rates. The increase
in mud content is indicative of a decrease in energy but energy levels can-
not be used as bathymetric indicators as demonstrated by Rankey (2004).
The absence of reliable palaeobathymetric indicators complicates the under-
standing of the controls on the facies successions observed. The decrease
in sediment supply associated with an omission surface can be related to a
base-level change and/or an environmental change.
Unit type σc are composed of one FA only (FA5 or FA6), record increased
amounts of reworked material towards the top and are capped by submarine
erosion surfaces ES1 and ES2 that indicate regional transgressions (Sattler
et al., 2005). Building a facies sequence with a single FA requires aggrada-
tion, i.e. sedimentation rates approximately equal to accommodation rates
in order to keep water depth constant. However, sedimentation rates in the
subtidal high-productivity zone (<10 m, Schlager (1981)) are generally much
higher than rates of accommodation change.
Osleger (1991) suggested that storm and wave reworking and redistribution
of sediments may act to inhibit aggradation into intertidal depths. The
constant submarine erosion and redistribution would result in much of the
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sediment supply necessary to the progradation of tidal flats to be lost to the
subtidal environments because of offshore-flowing currents (Aigner, 1985) or
longshore flowing currents.
Longshore currents were probably predominant in the Cretaceous Haushi-
Huqf area given the evidence for submarine dunes (i.e. facies 4b) prograding
parallel to the Haushi-Huqf island shoreline. The mechanism inhibiting ex-
tensive tidal flat progradation in the Huqf area could be analogous to the
processes operating in the modern west Florida ramp where currents and
storm waves frequently sweep sediments off the platform (Mullins et al.,
1988).
The increased erosion rates and the submarine erosion surfaces capping the
sequences indicate increased hydrodynamic energy possibly related to a RSL
fall and/or an environmental change (increase in storm frequency or current
strength). The occurrence of root fragments in the filling of the scours on
ES1 and the low δ13C values of the infilling explained by increased restric-
tion, meteoric diagenesis and increased terrestrial runoff could indicate that
ES1 is correlative with a subaerial exposure surface on the platform top and
is indicative of a RSL fall.
The contribution of episodic uplift of the Haushi-Huqf High (Visser, 1991)
on the formation of the sequences of type σ is likely minor. Modern examples
for episodic tectonic subsidence are in zones of extreme tectonic instability
(Yeats, 1978), whereas the area of investigation is on a stable craton and
episodic tectonism seems an unlikely mechanism for multi-sequence genera-
tion in this area. Given the lack of regional data on stacking patterns for the
eastern Tethys, a tectonically induced cyclicity hypothesis cannot be tested.
ρ: Catch down peritidal units
The catch-down parasequences ρ are composed of subtidal sediments from
FA3 capped by upper intertidal/supratidal sediments from FA1 (Table 3.4)
and are characterized by the lack of lower intertidal deposits from FA2. A
possible explanation for the absence of lower intertidal deposits is that on
a low-angle epeiric platform the shallow water depths and the baﬄing ac-
tion of shoals causes friction with the sea bottom which reduces the tidal
exchange (Tucker and Wright, 1990). Alternatively, the absence of lower in-
tertidal deposits could point at an allocyclic control of ρ sequences: if the
amplitude of the RSL lowering was greater than the water depth of the lower
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intertidal facies, the subtidal facies would be directly capped with upper in-
tertidal/supratidal deposits. A hiatus can also arise due to intermittent car-
bonate production that would result in an omission surface as demonstrated
by the extensive numerical modelling of peritidal sequences by Burgess and
Wright (2003). Omission surfaces have not been observed in the middle of
the parasequence so an explanation by a RSL fall is preferred.
Parasequences ρa fill to sea surface and are capped by composite surfaces
that indicate regional regression followed by a transgression (Sattler et al.,
2005). CS1 is scoured and shows evidence for karstification (such as collapse
breccia, see figure 3.3C) and therefore a RSL fall. Sequences ρb are sequences
where the accommodation space does not fill to sea surface. ρb sequences
are capped by scoured submarine erosion (ES3*) or composite surfaces (CS3)
that, according to the correlation model of Sattler et al. (2005), are laterally
equivalent to surfaces with evidence for prolonged subaerial exposure (SE1
or CS4 and CS3 respectively). The correlation model suggests that accom-
modation space is not filled because of submarine erosion associated with a
RSL fall.
pi: Catch-up peritidal units
Parasequences pi infill accommodation space to the sea surface and repre-
sent a complete progradational facies sequence. One possible mechanism to
explain the formation of pi sequences is autocyclic processes (Burgess, 2001;
Ginsburg, 1971): the sediments produced in the open marine environment
are transported shorewards during storms and spring tides and accumulate
on the tidal flat, forcing a seaward progradation of the tidal flat. If the focus
of sedimentation shifts due to hydrographic changes (Strasser, 1991) or if as
progradation occurs the carbonate producing area becomes too small to sup-
port further growth of the tidal flat (Ginsburg, 1971), the tidal flat subsides.
Basin subsidence eventually leads to flooding of the platform top, and the
onset of the next sequence marked by transgressive deposits. The occurrence
of an omission surface in the middle of the parasequence suggests a hiatus
related to intermittent carbonate production or a change in transport direc-
tion (Burgess and Wright, 2003). There are numerous erosion and composite
surfaces at the top of the sequence. This increase in hiatus frequency can be
related to low subsidence rates combined with high sediment transport rates
as suggested by Burgess and Wright (2003).
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3.4.1 Chronostratigraphic constrains
Constraining the timing of deposition of the Huqf area is crucial to tie the
locally observed vertical and lateral changes in sedimentation to a regional
sequence stratigraphic framework.
Biostratigraphic subdivisions of shallow-water Barremian-Aptian sediments
are based on orbitolinid foraminifera (Schroeder et al., 2010) and rudists
(Masse et al., 1998), which allow only a coarse zonation and may be in-
fluenced by facies changes. Schroeder et al. (2010) and Immenhauser et
al. (2004) assigned the orbitolinids found in the Huqf area to the Eopalor-
bitolina transiens and Palorbitolina lenticularis biozones (Schroeder et al.,
2010), suggesting an early Late Barremian to Early Aptian age (Fig. 3.13).
The later part of the Early Aptian is most likely absent in the Huqf area
since the late Early Aptian species Palorbitolina ultima and Praeorbitolina
cormyi were not found (Schroeder et al., 2010). The occurrence of Chofatella
decipiens in deep subtidal environments also suggests a Barremian-Aptian
age (Simmons, 1994). Rudist assemblages of the Qishn and Jurf formations
are equivalent to the Barremian-early Aptian Upper Kharaib and Shu′aiba
formations (Immenhauser et al., 2004). Strontium isotope analysis of selected
rudist shells from the Qishn Formation (Immenhauser et al., 2004) allowed
dating of the sedimentary rocks at 123 Ma, i.e. Early Aptian (Gradstein et
al., 2004), thus supporting biostratigraphic interpretations (Fig. 3.13). The
strontium isotope results need, however, to be treated with care because of
the possibility of the original geochemical composition being altered by burial
or recent meteoric diagenesis, and because of the very low rate of strontium
isotope change in the sea water curve for the Aptian (Smalley et al., 1994).
This implies that small analytical errors (10−6) in measuring the strontium
isotope ratio translate into large errors in the age assignment (≥6 Myr).
Carbon isotopes provide another and arguably more refined chronostrati-
graphic tool by matching the δ13C trends of the Qishn Formation to a well
dated, high-resolution δ13C curve from the northern Tethyan hemipelagic
sediments of the Vocontian basin (Fo¨llmi et al., 2006). Changes in storage
and preservation rates of organic matter in terrestrial and marine environ-
ments, and carbonate production and accumulation in shallow and deep-
marine settings are geologically documented expressions of changes in the
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global carbon budget, which are often related to changes in atmospheric
pCO2. Variations of the carbon cycle are frequently mirrored by excursions
in the carbon-isotope record, both in carbonate as well as in organic-carbon
reservoirs. Global environmental change may leave an imprint on global
δ13C records, in that synchronous and correlatable δ13C excursions occur in
all reservoirs. This implies that stratigraphic variations in the δ13C record
established from different basins and different reservoirs may also be trace-
able in the shallow-marine environment. It is this property, which renders
carbon-isotope stratigraphy a valuable tool to correlate shallow-marine with
better-dated deep-marine environments and obtain valuable age models for
the shallow-marine environment.
The Lower Cretaceous portion of the Vocontian basin δ13C record (Fig. 3.13)
is characterized by a positive δ13C excursion at ca. 128 Ma (3.5‰, hereafter
named b1 ) and a negative excursion at ca. 125 Ma (-1.0‰), followed by an
overall positive excursion which forms a plateau at ca. 122 Ma (+4.0‰ to
+4.5‰) corresponding to the Oceanic Anoxic Event 1a (OAE1a, Fig. 3.13).
The positive δ13C excursion related to the OAE-1a is well recorded in Jebel
Akhdar and Jebel Madar (Sattler et al., 2005; van Buchem et al., 2002) and
in the subsurface of Oman (Vahrenkamp, 1996, 2010). The carbon isotope
values from the Huqf area do not show a similar excursion to that character-
istic of OAE-1a which, given existing biostratigraphic constraints, places the
Qishn Formation at Wadi Jarrah in the Barremian-Early Aptian stage (Im-
menhauser et al., 2004; Sattler et al., 2005). Furthermore, given the shape
of the δ13C curve, the positive δ13C excursion of 3.5‰ occurring at the base
of Z2 could be interpreted as correlative with isotope event b1 (Fig. 3.13).
The proposed correlation of δ13C between Wadi Jarrah and the Vocon-
tian basin would give a tight chemostratigraphic constraint on the age of
deposition of the Qishn Formation. However, other potential controls on the
δ13C of shallow-water carbonates need to be taken into consideration, for
instance meteoric diagenesis (Allan and Matthews, 1982), local withdrawal
of 12C from the shallow-water reservoir by increased productivity of photo-
synthetic organisms at the time of deposition (Swart and Eberli, 2005) and
local contribution of 12C enriched continental waters (Holmden et al., 1998)
due to the proximity of the Haushi-Huqf island coupled with restricted water
circulation. A first assessment of meteoric diagenetic overprinting at Wadi
Jarrah can be accomplished by comparing the results presented here with the
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carbon and oxygen isotope values of the Shu′aiba Formation in subsurface
Oman (Vahrenkamp, 2010): the δ13C values of intertidal-supratidal facies
at Wadi Jarrah are more negative than the range of values obtained for the
Shu′aiba Formation, but the range of δ 18O values overlap (Fig. 3.12). The
δ18O values average -4.0‰ (n=23, S.D.= 0.5‰) in zones Z1 and Z2 indi-
cating that δ18O values are almost constant and likely to be only slightly
overprinted by outcrop exposure related diagenesis. A corollary to this con-
clusion would be that δ13C values would also be preserved within zones Z1
and Z2 since carbon isotopes typically are more easily buffered than oxygen
isotopes because the quantity of carbon in the pore water is low compared
to the quantity of carbon in the carbonate rock. Within zones Z3 and Z4,
δ13C and δ18O values are positively correlated (Figs 3.12 and 3.13) and the
sedimentary rocks show evidence for cementation and leaching interpreted as
Holocene meteoric diagenesis (Immenhauser et al., 2004). Therefore chemo-
stratigraphy can not be used at the top of the section. In summary, age
constraints place the studied section of the Qishn Formation at Wadi Jarrah
within the Barremian stage and the onset of isotopic event b1 at 3.5 m in
the section can be tentatively correlated with a global event occurring at 128
Ma (Figs 3.18 and 3.19.
3.4.2 Genetic units types variability within the regional
sequence stratigraphic framework
The isotopic event b1 corresponds to the discontinuity surface CS0b charac-
terized by the occurrence of black pebbles that are indicative of prolonged
subaerial exposure (Strasser, 1984). CS0b is interpreted to be a sequence
boundary in the Middle Barremian during which sediments in the Huqf area
were exposed for a significant period of time. The sequence boundary di-
vides the Jurf Formation, which corresponds to the Lower Barremian Lower
Kharaib BAR1 sequence, and the Qishn Formation that corresponds to the
Upper Barremian Upper Kharaib BAR 2 sequence defined in van Buchem et
al. (2010) (Fig. 3.18). The stratigraphic correlations of the Huqf area with
the platform interior suggest that sequence boundary CS0b is correlative to
a facies change from rudist-dominated to orbitolinid-dominated with no ev-
idence of subaerial exposure (Droste, 2010b; Hillga¨rtner et al., 2003; Pittet
et al., 2002; van Buchem et al., 2002). The long-term RSL fall observed in
the Huqf area at the top of the Jurf Formation is likely small in amplitude
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Figure 3.18: Chronostratigraphic chart of the Haushi-Huqf High, the Oman Interior
basins and the Bab basin from Permian to Tertiary stages. The duration of the hiatuses
are shown in pink. Barremian-Aptian third order sequences named after van Buchem et
al. (2010) regional stratigraphic scheme are shown in red. Note low sediment preservation
and accommodation rates in the Haushi-Huqf High.
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and the exposure of the platform is probably restricted to the area affected
by the Haushi-Huqf palaeohigh (Fig. 3.19.
The TST of the Qishn Formation BAR 2 in the Huqf area is character-
ized by aggradational to retrogradational small-scale genetic units capped
by omission surfaces. It is suggested that short-term RSL rises combined
with the high rates of long-term (3rd order) RSL rise results in a drowning
of the platform and that the platform remains flooded to subtidal depths
during short-term RSL falls.
The early HST is characterized by shallowing upward parasequences capped
by submarine erosion surfaces. It is suggested that the short-term RSL falls
combined with low rates of long-term RSL rise results in submarine erosion
and the platform remains flooded to subtidal depths after short-term sea-
level falls.
The mid-HST is characterized by complete or truncated peritidal parase-
quences capped first by subaerial exposure and subsequently by submarine
erosion surfaces. The absence of lower intertidal deposits suggests that a
combination of decreasing rates of long-term RSL rise and short-term RSL
fall outpaced the subsidence rate. This resulted in a lowering of the wave-
base and truncation of the peritidal sequences by submarine erosion surfaces
correlative to subaerial exposure surfaces.
In the late HST, the base of the parasequence is composed of lower intertidal
sediments indicating that at the onset of deposition during the short-term
RSL rise the waters did not deepen to subtidal depths. The effect of the sys-
tematic decrease in the rate of long-term RSL rise results in a proportionately
lower-magnitude short-term RSL rise, hence the amount of accommodation
generated during successive short-term RSL rises systematically declines.
The resulting increase in the frequency of sedimentary hiatuses and the occur-
rence of oyster floatstones is concomitant with the development of thick rud-
ist dominated barriers on the shelf (Fig. 3.19). Rudist-dominated sediments
pass landwards into oyster-dominated sediments that indicate increasingly
restricted conditions. The low stratigraphic completeness of the peritidal
sequences possibly results from increased sediment transport rates towards
the flats combined with low subsidence rates.
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Our detailed sedimentologic study suggests that, in the Late Barremian,
storm and wave reworking and transport were dominant sedimentary pro-
cesses operating on the tidal flats of the Haushi-Huqf area. Continuous car-
bonate sand bars at the inter-well scale with relatively large aspect ratios
(>1000/1) were identified in the intertidal shoal environment. The subti-
dal shoal complex is composed of discontinuous individual dunes (tens to
hundreds of metres wide) and continuous stacked dunes (more than 500 me-
tres wide) that interfinger with bioturbated and storm influenced rudist-
dominated sediments. Discontinuity surfaces associated with subaerial expo-
sure, and/or erosion, are laterally irregular and are marked by scours. The
scours are clustered (on supratidal flats) or widely spaced (on subtidal and
intertidal environments) and form symmetric ponds tens of meters wide and
tens of cm thick.
Chemostratigraphic data combined with existing age models show that
the Lower Cretaceous peritidal carbonate successions of the Jurf and Qishn
formations in central Oman grade into the extensive epicontinental Kharaib
platform deposits of the Arabian peninsula.
The Qishn Formation is organized into 11 small-scale genetically related units
of three types formed by distinctive facies associations. The stratigraphic dis-
tribution of the genetic units and discontinuity surfaces types identified in the
Wadi Jarrah outcrop (and correlatable to the study by Sattler et al. (2005))
suggests some regional sea level control on the peritidal carbonate cyclicity
observed. In the transgressive stage subtidal sequences capped by omission
surfaces dominate the peritidal environment. In the regressive stage peritidal
sequences are capped by submarine erosion and subaerial exposure surfaces
and are characterized by increasing amounts of scouring. The predominance
of intertidal-supratidal sediments containing significant stratigraphic hiati in
the Haushi-Huqf area corresponds to times when rudist barriers dominated
in high-energy environments in the north of Oman. Scours are only present
in the HST and their frequency increases from the early to the late HST. The
increasing occurrence of scours is associated with reduced sediment accom-
modation suggesting that the scouring process is partly related to base-level
changes and not only to an increase in storm frequency.
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The variability in stacking patterns could imply some degree of autocyclic-
ity thus limiting the applicability of cyclostratigraphy in Lower Cretaceous
successions of Oman. Although the estimation of allocyclic versus autocyclic
controls is difficult to establish, the data presented here provides important
clues on what processes control the geometry and distribution of carbonate
geobodies as well as their stratigraphic architecture in Cretaceous peritidal
sediments. In addition, the geometry, dimensions and spacing characteristics
of carbonate sand bars and scours, put in the context of large-scale deposi-
tional sequences, can be used to guide the input of realistic length scales of
sedimentary bodies in carbonate reservoir models.
4 Dolomitization of Barremian-Aptian
carbonates
4.1 Previous work
Published data on dolomite occurrences in the Lower Cretaceous Arabian
Plate is quasi-inexistent. Immenhauser et al. (2004) suggests briefly that
the dolomitization of the Lower Shu′aiba Formation seems to be related to
the presence of sink holes in the subsurface and that the dolomitization at
outcrop would be the product of meteoric water related to one or several cli-
matically humid phases. In Jebel Madar, 270 km NNE from Wadi Baw, Van-
deginste et al. (in press) demonstrate that oolitic shoals from the Valanginian
Habshan Formation were dolomitized by reflux of evaporated seawater.
Dolomitization of epicontinental peritidal limestones in near-surface and
shallow burial settings, although common in the stratigraphic record (see re-
view in Sun, 1994), is particularly controversial given the failure to precipitate
dolomite from supersaturated solutions in abiotic laboratory experiments un-
der near-surface conditions (Land 1998; Lippman, 1973).
Fundamentally, any model for the formation of massive dolomite bodies must
satisfy two basic criteria: first, thermodynamic and kinetic conditions must
be favorable to dolomitization; and, secondly, there must be a fluid-flow
mechanism by which reactants and products can be transported to and from
the site of dolomitization (Hardie, 1987; Land, 1985; Machel and Mountjoy,
1986). Three main processes can drive circulation of saline waters in car-
bonate platforms in near-surface and shallow-burial settings: hydraulic gra-
dients, density gradients or pore pressure gradients (Whitaker and Smart,
1990; Whitaker et al., 2004).
The observation that dolomite can precipitate at earth surface temper-
ature in microbial cultures (Sa´nchez-Roma´n et al., 2008; van Lith et al.,
2003; Vasconcelos et al., 1995; Warthmann et al., 2000) provides a model
for dolomite precipitation for which the exact mechanism is not fully un-
derstood. The microbial dolomite model was developed in Lagoa Vermelha,
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Brazil (Vasconcelos and McKenzie, 1997), a modern hypersaline environment
where sulfate-reducing bacteria induce dolomite precipitation. Also, culture
experiments using aerobic halophilic heterotrophic bacteria and methano-
geneses indicate that other types of metabolic activity may play a role in
dolomite precipitation (Roberts et al., 2004; Sa´nchez-Roma´n et al., 2009).
A more recent study of the Abu Dhabi sabkha, found that dolomite precipi-
tates as spheroids within extracellular polymeric substances (EPS) secreted
by the bacteria within calcifying microbial mats and continues to grow with
burial of the mat beneath the sabkha, even as the microbial activity is dras-
tically reduced under the extreme hypersaline conditions (Bontognali et al.,
2010). These new observations may indicate the importance of EPS for the
nucleation of the dolomite crystals by breaking the kinetic barriers leading
to dolomite precipitation.
The aim of this chapter is to unravel the origin and the circulation mech-
anism of dolomitizing fluids that formed dolomite bodies in the Jurf and
Qishn formations of the Haushi-Huqf area in central east Oman. Note that
the data presented in this chapter is from Wadi Baw outcrop located at 60
kilometres towards the south of Wadi Jarrah ouctrop presented in chapter 3.
4.2 Results on petrography and stratigraphy
of dolostones
4.2.1 Diagenetic textures and mineralogies
Fine crystalline dolomite
The Lower and Middle Jurf Formation limestones and two beds in the Qishn
Formation were replaced by non-mimetic fabric destructive fine crystalline
dolomite hereafter named D1 (Fig. 4.1B to E). D1 dolomites present planar-s
to planar-e textures with crystal size ranging between <4µm to 50 µm and
a usually unimodal crystal size distribution. D1 dolostones contain vuggy
and mouldic porosity (Fig. 4.1B) with variable amounts of intercrystalline
matrix porosity (Fig. 4.1C and D). D1 presents dull orange to dull brown
uniform luminescence (Fig. 4.1C′ and D′). Trace amounts of gypsum occur
as crusts on top of beds of D1 dolostones or as infilling of mouldic, vuggy and
fracture porosity (Fig. 4.1D and D′). Stylolites and stylolitic seams cross-cut
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D1 (Fig. 4.1E).
Medium crystalline dolomite
Three out of the 105 samples of the Jurf Formation are characterized by non-
mimetic fabric destructive medium crystalline dolomites (65 µm in average),
hereafter named DR. DR presents planar-e textures, and DR dolostone have
mostly vuggy porosity with little intercrystalline matrix porosity (Fig. 4.1F).
DR dolomites are zoned in plane light and present patchy dull and bright
orange luminescence (Fig. 4.1F′).
Coarse crystalline dolomite
Dolomite crystals 60 to 200 µm in size, hereafter named D2, occur on the
rims of pores filled with calcite cement. D2 presents dull brown and dull
orange crystal growth zones (Fig. 4.2).
Isolated dolomite rhombs in limestone
Isolated euhedral dolomite rhombs, commonly 100 to 250 µm across, occur
floating within the matrix of mudstones and wackestones and can be found
along stylolites (Fig. 4.1G). Isolated dolomite rhombs have cloudy centers
and patchy dull and bright luminescence. Moulds of isolated dolomite rhomb
are found along stylolites and in the micritic matrix (Fig. 4.3A and B).
Calcite cement
In 25 out of 105 samples of the Jurf Formation the intercrystalline, vuggy and
mouldic porosity of D1 dolostones is filled with calcite cement (Fig. 4.3C).
Three types of calcite luminescence patterns were identified: patchy dull or-
ange (Fig. 4.2A), non-luminescent with dull and bright orange zonations
(Fig. 4.2B and C) and uniform non-luminescent (Fig. 4.2D). CL zonations
can be disrupted by patchy bright and dull orange luminescence (Fig. 4.2E).
Calcite cement with patchy dull orange luminescence is also found in cal-
citized D1 and D2 dolomite rhombs (Fig. 4.3D and E). The cross-cutting
relationships between different calcite cement phases could not be established
petrographically given the lack of diagnostic structures such as veins.
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Figure 4.1: Main diagnostic criteria for dolomite textures interpretation (scale bar is
100 µm). A- D1 dolomitic sand showing 1- diagenetic quartz and 2- corroded quartz
grains; B- D1 vuggy dolomite with moulds of skeletal grains; C, C′- Qishn Formation D1
dolomite under plain light and CL; D, D′- Jurf Formation D1 dolomite under polarized
light (D) and under CL (D′) showing fracture filled with gypsum; E- Stylolite transecting
dolomite D1; F, F′- Dolomite DR under polarized light (F) and CL (F′); G- Dolomite
rhomb precipitated along a stylolite.
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Figure 4.2: Main petrographic characteristics of calcite cements (scale bar is 100 µm).
A- Middle Jurf Formation D1 and D2 (arrows) showing patchy dull and bright orange CL
pattern. Calcite cement with patchy dull orange luminescences infills vugs and replaces
dolomite; B- CL zonations of D2 that precipitated on pore rims (arrow). Porosity is filled
with non-luminescent calcite cement with bright orange zonations; C- D1 and D2 showing
patchy dull and bright orange CL pattern. Note the bright rim around D2 dolomite
(arrow). The calcite cement is dull orange with non-luminescent zonations; D- Non-
luminescent geopetal calcite cement and zoned D2; E- Calcite cement with disrupted CL
zonations showing evidence for recrystallization (arrow).
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Figure 4.3: Main petrographic evidence for dolomite dissolution and dedolomitization
(scale bar is 100 µm). A- Thin section under polarised light showing dolomite rhomb
moulds along an open fracture; B- Dolomite rhomb moulds 1- in the micritic matrix and
2- along stylolites; C- Intercrystalline porosity of D1 filled with calcite cement stained in
pink; D- D2 rhomb partially replaced by calcite cement stained in pink; E- Phantom of
D2 dolomite rhomb (arrow) replaced with calcite cement with zoned CL pattern.
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Figure 4.4: Mineralogy and petrographic results for the Jurf Formation showing the stra-
tigraphic distribution of different mineral phases and of petrographically distinct dolomite
phases.
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Figure 4.5: Logged sections of the Jurf and Qishn formations showing lateral and vertical
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4.2.2 Stratigraphic distribution of mineralogies and tex-
tures
XRD analyses indicate that, apart from dolomite and calcite, the Jurf and
Qishn sedimentary rocks contain mostly quartz, low amounts of clays and
gypsum (Fig. 4.4), and trace amounts of potassium feldspar, plagioclases
and pyrite.
The Lower Jurf Formation, corresponding to the transgressive system
tract (TST) (Fig. 4.5), was pervasively replaced by D1 dolomite and small
amounts of calcite cement (1 to 15% of calcite per sample). These are exclu-
sively found in laminated mudstones and high diversity fauna wackestones
to packstones. The Middle Jurf Formation, or the early highstand system
tract (HST), mostly comprises calcitic dolostones composed of D1 and D2
dolomite rhombs, and calcite forms 15% to 80% of the carbonate fraction.
The Upper Jurf Formation, or the late HST, comprise partially dolomitized
limestones (dolomitic limestones) containing less than 10% dolomite. The
contact between the Middle Jurf dolostones and the Upper Jurf partially
dolomitized limestones is sharp and corresponds to a bedding plane. The
Middle Jurf Formation forms extensively weathered gentle slopes at outcrop
(Fig. 4.7) and extensive calcite precipitation occurs on exposed surfaces at
outcrop (Fig. 4.8).
Hence, two vertical trends can be identified upsection with increasing dis-
tance from the Gharif Formation: D1 dolomite decreases whereas calcite
cement and D2 dolomite increases (Fig. 4.4). The stratigraphic distribution
of D1, D2 dolomites and calcite cement does not follow any facies trend (Fig.
4.5).
Dolomitization in the Qishn Formation is limited to two 0.5 to 1 m
thick beds (Fig. 4.9A), 1km to more than 2km laterally continuous, and
partial dolomitization occurs immediately on top and below the dolostones
(Fig. 4.5). The contact between dolostones and dolomitic limestones can
be straight or wavy and the bedding planes are marked by iron stained bio-
turbation. Qishn Formation dolostones contain 2 to 10 cm long spherical to
elliptical calcite nodules (Fig. 4.9B).
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Figure 4.7: Field characteristics of the Jurf Formation dolostone. A- Contact (white
dashed line) between the Jurf Formation and the Permian Gharif Formation; B- Lower
and Middle Jurf Formation dolomite showing extensive outcrop weathering of the Middle
Jurf Formation.
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10 cm
Figure 4.8: Evidence for extensive calcite precipitation at the surface of the outcrop
(arrow).
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B
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Figure 4.9: A- Outcrop photograph showing the two dolomitized beds in the Qishn
Formation (arrows); B- Qishn Formation dolomite showing calcite nodules (arrows) inter-
preted to be a replacement of anhydrite nodules.
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4.3 Results on dolomite geochemistry
4.3.1 Oxygen and carbon isotopic ratios
The average δ18O values for Qishn Formation and Jurf Formation dolostones
are similar, and the δ18O and δ13C values for the dolostones are enriched
on average by 3.5‰ to 2.9‰ and 0.5‰ to 0‰ respectively when compared
to micrite in laterally equivalent undolomitised limestones (Fig. 4.10, Table
4.1). Qishn dolostones and limestones δ13C values are on average 2.8‰ more
positive than Jurf Formation dolostone and limestone δ13C values. Generally,
there is a trend between increase in calcite cement within the Jurf Formation
and more depleted δ18O and δ13C values (Fig. 4.10).
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Figure 4.10: Cross-plot of dolomite δ13C and δ18O values for Jurf and Qishn dolostones.
The range of δ13C and δ18O values for the Qishn and Jurf Formation limestones (this
study) and for Early Cretaceous marine calcite (Veizer et al., 1999) is indicated.
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Formation
Dolomite	  
phase
Dolomite	  texture CL	  pattern	  
Crystal	  length	  
(μm)
δ13Cdol*	  ‰	  	  	  	  
{n,	  S.D.}
δ18Odol*	  ‰	  	  	  	  
{n,	  S.D.}
87Sr/86Sr*	  {n} Fe	  ppm	  {n} Na	  ppm	  {n} Sr	  ppm	  {n} Mn	  ppm	  {n}
CaCO3*	  
mol%	  
Qishn	  Fm D1	  
euhedral	  dull	  
dark	  brown	   brown	   30-­‐60
2.5	  	  	  	  	  	  	  	  	  	  	  	  
{3,	  0.2}
-­‐1.2	  	  	  	  	  	  	  	  	  	  
{3,	  0.2}
0.70755-­‐0.70758	  
{3}
611-­‐1317	  
{2}
737-­‐827	  	  	  
{2}
105-­‐173	  
{2} 31-­‐69	  {2} 53.7-­‐56.1
Upper	  Jurf	  Fm D2	   euhedral	  in	  
stylolite
dull	  bright	  
patchy	  orange
100-­‐200 -­‐ -­‐ -­‐ 840	  {1} 443	  {1} <det	  lim 83	  {1} -­‐
D2 euhedral	  in	  vug	  
rim
zoned	  dull	  
orange	  and	  
brown
60-­‐200 -­‐ -­‐ -­‐ 1928-­‐3323	  
{3}
250-­‐391	  	  	  	  
{3}
<det	  lim 186-­‐244	  	  	  	  
{2}
-­‐
D1
subhedral	  and	  
euhedral	  
dull	  to	  bright	  
orange	  and	  
zoned	  on	  vug	  
rims
<4	  to	  30
-­‐2.4	  	  	  	  	  	  	  	  
{16,	  0.9}
-­‐3.7	  	  	  	  	  	  	  	  
{16,	  1.7} -­‐
4786-­‐6609	  
{3}
315-­‐465	  	  	  	  	  
{3} <det	  lim
192-­‐419	  	  	  	  	  
{3} 50.9-­‐54
Lower	  Jurf	  Fm D1	  
subhedral	  and	  
euhedral dull	  orange <4	  to	  30
-­‐0.4	  	  	  	  	  	  	  
{81,	  0.6}
-­‐1.2	  	  	  	  	  	  	  	  
{81,	  0.7}
0.70762-­‐0.70810	  
{13}
2376-­‐9507	  
{8}
198-­‐540	  	  	  	  	  
{8}
85-­‐135	  
{8}
130-­‐377	  	  	  
{8} 50.3-­‐51.8
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Table 4.1: Petrographic and geochemical characteristics of D1 and D2 dolomites. Do-
lomite textures, CL patterns and crystal lengths are indicated for D1 and D2 dolomite
phases. Mn content for the Qishn Formation and Sr content were measured with ICP-AES
whereas all other elemental data was measured with EPMA. Measurements marked with
a * are from bulk samples.
4.3.2 Clumped isotopes
The clumped isotopes ∆47URF values and calculated temperatures for the
Jurf and Qishn dolostones are reported in Table 4.2. The three temperature
of formation calculated for dolostones of the Jurf and Qishn formations are
within error of each other (i.e. 44±3◦C, 1 S.D.), and the choice of temper-
ature calibration (Ghosh et al., 2006 versus modified Bonifacie et al., 2011,
see methods section 2.2.3 on page 41) has little impact on the final estimated
temperature (Table 4.2).
The values of δ18Ofluid calculated using the temperature relationship of Vas-
concelos et al. (2005) relating temperature, δ18Ofluid and δ
18Odolomite are
3.5±0.4‰ and 2.8±0.4‰ for respectively sections I and G of the Jurf For-
mation, and 3.3±0.4‰ for the section A of the Qishn Formation (Table 4.2).
The uncertainty in δ18Ofluid represents the uncertainty of the calibration
between the temperature and δ18Odolomite.
4.3.3 Strontium isotopes
87Sr/86Sr values for Qishn Formation dolostones (on average 0.70756) are
lower than 87Sr/86Sr values for Jurf Formation dolostones (on average 0.70782)
(Table 4.1). The Qishn Formation dolostones 87Sr/86Sr values are similar
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Based	  on	  
Δ47	  URF	  
Assuming	  
30˚C	  
E36	   0.623‰ 0.004‰ 45±2˚C 45±2˚C -­‐0.72‰ 3.3±0.4‰ 0.6±0.4‰
replicate	  1 0.637‰
replicate	  2 0.611‰
replicate	  3 0.620‰
G5	   0.621‰ 0.004‰ 46±2˚C 46±2˚C -­‐1.46‰ 2.8±0.4‰ -­‐0.2±0.4‰
replicate	  1 0.623‰
replicate	  2 0.631‰
replicate	  3 0.608‰
I4	   0.628‰ 0.005‰ 44±2˚C 43±2˚C -­‐0.21‰ 3.5±0.4‰ 1.1±0.4‰
replicate	  1 0.649‰
replicate	  2 0.604‰
replicate	  3 0.642‰
replicate	  4 0.619‰
Q
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hn
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δ18Ofluid	  (SMOW)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(Vasconcelos	  et	  al.,	  2005)	  Sample	  
name
Δ47	  URF ±1	  S.E.
Temperature	  
in	  ˚C	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(Ghosh	  et	  al.,	  
2006)
Temperature	  
in	  ˚C	  	  
(calibration	  
not	  published)	  
δ18Ocalcite	  
(VPDB)	  
Formation
Table 4.2: Clumped isotopes results, calculated temperatures of dolomite precipitation
and calculated δ18Ofluid of the dolomitizing fluid for the Jurf and Qishn Formation D1
dolomite phase. Two calibrations were used (see equations 2.6 and 2.7 on page 42) for
the calculation of the temperature and give the same results. The δ18Ofluid was esti-
mated taking into account the temperature calculated from clumped isotope data and an
estimated sea-surface temperature.
to Barremian seawater (0.70740-0.70750) and the Jurf Formation dolostone
87Sr/86Sr values are within the range of Permian seawater values (0.7073-
0.7083) (Veizer et al., 1999). In section G, the amount of radiogenic Sr de-
creases upsection, but this trend is reversed in section J (Fig 4.11A). Weak
correlations exist between the insoluble residue and the 87Sr/86Sr values for
sections J (R2=0.50), G (R2=0.30) and I (R2=0.37) but there is an overall
increase in 87Sr/86Sr with increased content of insoluble residue for sections
G and I (Fig. 4.11B).
4.3.4 Major and trace elements
The Jurf dolostone samples (n=81) have 50 to 55 mol percent CaCO3 and
the Qishn dolostones samples (n=3) 54 to 56 mol percent CaCO3, indicating
that the Qishn dolostones are slightly less stoichiometric than the Jurf dolo-
stones (Fig. 4.12A, Table 4.1). The Lower Jurf Formation dolostone has 50
to 52 mol % CaCO3 and the Middle Jurf Formation has slightly higher mol
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Figure 4.11: A- 87Sr/86Sr for D1 dolomites plotted against stratigraphic distance from
the Gharif Formation. B- Cross-plot of the insoluble residue and 87Sr/86Sr for D1
dolomites within the Jurf Formation.
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% CaCO3 between 51 to 54.
The Sr concentrations in the Lower Jurf Formation are characterized by
a linear decrease upsection by a factor of 1.2 to 1.6 and a lateral decrease
by ca. 30±10 ppm from sections I and J to section G (Fig. 4.12B). Qishn
Formation dolostones have generally higher Sr concentrations compared to
the Jurf Formation dolostones and the lateral variation of Sr along a single
bed is 70 ppm.
Jurf and Qishn dolostones have distinct Fe, Na and Mn concentrations (Table
4.1). There is nearly one order of magnitude difference in Fe concentrations
between the Qishn Formation dolostones (average of 964 ppm) and the Jurf
Formation dolostones (average of 6011 ppm). The same is true for Mn con-
centrations, with Qishn Formation dolostones having on average 48 ppm
versus 271 ppm in the Jurf Formation dolostones.
Fe varies between beds, is highest in sandy dolostones and ranges between
2000 and 7000 ppm in Jurf Formation dolostones (Fig. 4.12C). In the Lower
Jurf Formation dolostones, Fe concentration decreases upsection by a factor
of 3, although most of the error bars overlap. In the Middle Jurf Formation
dolostones, Fe varies laterally by a factor of 3.2.
The same trend is observed for Na which decreases by a factor of 3 in the
Lower Jurf Formation and varies laterally in the Middle Jurf Formation by
a factor of 3.6 (Fig. 4.12D). Na concentrations are 1.4 to 4 times higher
in the Qishn Formation dolostones than in the Jurf Formation dolostones.
The dolomite in the dolomitic limestones (Upper Jurf Formation) has low Fe
content (similar to the Qishn dolostones) and Na contents comparable to the
Middle Jurf Formation dolostones.
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Figure 4.12: Mol percent CaCO3 and Sr, Fe, Na contents of the dolostones plotted
against the distance to the top of the Gharif Formation. A- Mol percent CaCO3 in D1
determined with XRD data; B- Sr content in D1 measured with EPMA and ICP-AES;
C, D- Fe and Na contents in D1 measured with EPMA. Standard deviations of Fe and
Na elemental concentrations per thin section are shown. All data is plotted against the
distance from the top of the Gharif Formation. An uncertainty of 2.5 metres in the
correlation to section G is indicated.
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4.4 Interpretation and discussion
4.4.1 Paragenesis and timing of diagenetic events
The Jurf and Qishn Formation D1 dolomites are characterized by small crys-
tal sizes indicating multiple-site nucleation and relative rapid crystal growth
on mud-rich limestone precursors (Sibley, 1982). D1 crystal sizes distribution
do not follow any trend and CL patterns are not indicative of recrystalliza-
tion. One exception might be DR dolomite crystals that are coarser than
D1 and present patchy CL patterns interpreted to be indicative of dolomite
recrystallization.
Matrix dolomitization (D1 precipitation) and the development of vuggy
and mouldic porosity must have preceded precipitation of D2 as this latter
dolomite phase occurs on the rims of vugs and moulds. It is difficult to deter-
mine whether D2 precipitated as a dolomite cement or as a replacement of a
precursor calcite cement filling the vug. The CL zonations of the calcite are
not disrupted by D2 and the CL zonations of D2 dolomite rhombs suggests
that they nucleated on the pore rim and grew towards the center of the vug.
Therefore I hypothesize that D2 is a cement that precipitated in an empty
vug before calcite cementation. D2 cements are rare and have a minimum
impact on porosity.
Calcite cementation of intercrystalline porosity in D1 dolostones indicates
that calcite cementation post-dates dolomitization, while ghosts of dolomite
rhombs found in calcite cement suggest that calcite replaced dolomite and
that D1 and D2 underwent a phase of dedolomitization (Fig. 4.3D and E).
Calcite cement might have been recrystallized as suggested by the patchy
CL patterns disrupting zonations (Fig. 4.2E). Calcite cement with alternat-
ing dark, bright and moderately luminescent zones (Fig. 4.2B and C) may
however be pristine and result from precipitation from pore waters with fluc-
tuating chemistry or in fluctuating redox conditions (Machel, 2000), typical
of the meteoric domain. The negative carbon and oxygen isotopic ratios
of calcitic dolostones also suggest that the diagenetic fluid involved in the
dedolomitization and therefore calcite cementation was meteoric (Lohmann,
1988).
The apparent relationship between the amount of calcite cementation and
the degree of outcrop weathering in the Middle Jurf Formation, as well as
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dolomite dissolution along stylolites and fractures both suggest that most
of the calcite precipitation and dolomite dissolution were late processes re-
sulting from meteoric fluids circulation. This intensive phase of meteoric
diagenesis could have taken place during the wet Pleistocene period when
the formation was cropping out, similar to what has been suggested for the
Central Oman Mountains by Vandeginste and John (2012).
The abundant dedolomitization and weathering of the Middle Jurf Forma-
tion compared to the good preservation of the Lower Jurf Formation could be
explained by the difference in dolomite stoichiometry. The Middle Jurf For-
mation is characterized by less stoichiometric dolomite than the Lower Jurf
Formation and was probably more prone to dedolomitization and weather-
ing, similar to interpretations for dedolomitized Lebanese ouctrops by Nader
et al. (2008).
4.4.2 Nature of the dolomitizing fluids
The discussion on the nature of the dolomitizing fluid is based only on data
from D1 dolomite phases that show no evidence for dedolomitization or re-
crystallization. Results show that the dolomite in both the Jurf and Qishn
formations was non-mimetic fabric destructive, replaced peritidal and subti-
dal limestones and sandy limestones, and that the temperature recorded by
the dolomite was around 44±3◦C as revealed by clumped isotope palaeother-
mometry.
Using the graphical representation of the oxygen-isotope equilibrium be-
tween dolomite and water as a function of temperature and assuming that
precipitation waters were of marine origin, the temperature of dolomite D1
precipitation ranges from 25◦C to 55◦C (Fig. 4.13). These temperatures are
within the range and in excess of tropical sea-surface temperatures and are
therefore consistent with surface and shallow burial early dolomite precipi-
tation from normal seawater.
If precipitation waters involved were moderately evaporated, the temperature
of dolomite D1 precipitation ranges from 40◦C to 65◦C (Fig. 4.13), which
is consistent with the temperature revealed by clumped isotope palaeother-
mometry. This suggests that the dolomitizing fluid for the Jurf and Qishn
Formation was Cretaceous seawater that underwent some degree of evapora-
tion.
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Figure 4.13: Curves of oxygen isotope fractionation between dolomite and
water as a function of temperature derived from the fractionation equation
103lnαdolomite−water=3.2x106xT2-3.3 (after Land, 1985). The shaded fields illustrate the
possible ranges of dolomite precipitation temperatures if waters involved were of marine
origin (δ18OSMOW=-2.6‰ to 1.2‰, Veizer et al., 1999) and moderately evaporated brine
(δ18OSMOW=+2.0‰).
A complication in the interpretation of the nature of the dolomitizing
fluid arises because it is currently not known when early dolomites acquire
their clumped isotope signatures. Some early dolomites have been shown
to precipitate as proto-dolomite that recrystallize to fully ordered dolomites
during early burial (Vasconcelos et al., 2006). If this was the case for the
dolomite of the Jurf and Qishn formations, the calculated δ18Ofluid from the
clumped isotope data would be ambiguous as it would be unclear whether or
not this would still be representative of the original dolomitizing fluid.
In view of these uncertainties, I consider the clumped isotope temper-
ature as the maximum temperature estimate of dolomite formation, and I
take 30◦C (i.e. tropical sea-surface temperatures) as a minimum estimate.
The oxygen isotopic ratio of the fluids that precipitated D1 range between
+2.8‰ to +3.5‰ SMOW (for clumped isotope temperature of 44±3◦C)
and between -0.5‰ to +1.5‰ SMOW (for 30◦C). These values are in excess
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of, or similar to, the reported Cretaceous seawater values (-2.6‰ to 1.2‰
SMOW, Veizer et al., 1999), whereas the δ13C values of D1 fall within the
range of expected values for Cretaceous seawaters (Veizer et al., 1999). This
again suggests that the dolomitizing fluid for the Jurf and Qishn Formation
was Cretaceous seawater that underwent some degree of evaporation.
Independent arguments in support of the interpretation of evaporative
conditions are proposed. Firstly, the microbial laminite facies at the base
of the Jurf Formation and the presence of abundant miliolids in beds above
and below Qishn dolostones is evidence of restricted conditions with ele-
vated salinities (Flu¨gel 2004). Secondly, calcite nodules present in the Qishn
dolostone have a size (2 to 10 cm long) and regular shape (spherical to ellip-
tical) suggestive of nodular anhydrite being replaced by calcite, as opposed
to moulds of skeletal grains or vugs. Third, gypsum beds intercalated within
microbial mats could be interpreted to have precipitated early. However,
gypsum occurring as crusts on top of bed and infilling vugs and fractures
most likely precipitated at the surface under Holocene arid conditions. The
presence of possible relicts of anhydrite nodules, gypsum and restricted sed-
imentary facies are in support of an interpretation of high salinities with a
fluid that could occasionally reach hypersalinity.
Na content of D1 (maximum 827 ppm) is comparable to the Na content of
dolomite precipitated from normal seawater and hypersaline brines (Sass and
Bein, 1988). However, quantitative and qualitative interpretation of Na con-
tent in dolomite has been demonstrated to be controversial because very little
is known about the Na partitioning coefficient and Na in dolomite may occur
as fluid or solid inclusions, as NaHCO3 in crystal defects, or as absorbed ions
(Budd, 1997).
Elemental Sr concentrations and the strontium isotope ratios of the Jurf
and Qishn dolostones differ. The 87Sr/86Sr values of the Qishn Formation
dolostone almost equals 87Sr/86Sr values of Barremian seawater (higher by
0.00003 only) and the low Mn, Fe and relatively high Na, Sr concentrations
supports that seawater was the dolomitizing fluid.
By contrast, the relatively high Fe, Mn and 87Sr/86Sr concentrations in the
Jurf Formation dolostones indicate that the dolomitizing fluid interacted with
non-carbonate phases. I suggest that the Jurf Formation was dolomitized by
penesaline to hypersaline evaporated Cretaceous seawater that was altered
by interaction with terrigeneous material within the Jurf Formation lime-
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stones and possibly within the Gharif Formation sandstones.
Because Fe and Mn are present in very low concentrations in seawater and
freshwater, there is need for high rock-water interaction and a widespread
fluid circulation system through underlying, adjacent and/or intercalated
non-carbonate rocks to produce dolomitizing fluids with elevated Fe and Mn
concentrations (Banner et al., 1988b). The elevated 87Sr/86Sr of Jurf Forma-
tion D1 dolostones indicate that large volumes of dolomitizing fluids must
have been in contact with a radiogenic source in order to overcome the buffer-
ing effects of normal marine seawater and limestones (Banner et al., 1988a).
The fact that the highest Fe concentrations are found in the Jurf Forma-
tion sandy dolostones (Fig. 4.12) suggests that the local siliciclastic grains
were a source of Fe during dolomitization and that there was a rapid uptake
of Fe from clastics. Possible sources of Fe can include oxidation of sulfide in
pyrite (trace amounts detected in XRD), reduction of Fe oxides and hydrox-
ide (observed in thin sections) and alteration of phyllosilicates (identified in
XRD). The Fe trapped in microbial mats is another possible local source of
this element (Krumbein et al., 2003). It is possible that the influx of silicates
(Rb and Fe-rich clay minerals, feldspars, micas) transported by rivers cutting
through the Permian sands from the Gharif Formation added radiogenic Sr
and Fe to the Cretaceous peritidal carbonates and evaporative sediments.
The overall increase of 87Sr/86Sr with the insoluble residue and the spread
in 87Sr/86Sr ratios can be explained by variable amounts of terrigeneous input
in the Jurf Formation and/or variable amounts of interaction between the
dolomitizing fluid and the terrigeneous material. It might also indicate that
not all the radiogenic Sr was sourced from the siliciclastic fraction in the Jurf
Formation and that some radiogenic Sr was sourced from the interaction of
dolomitizing fluids with the underlying Permian sands, therefore suggesting
that dolomitizing fluids circulated through the Permian sands.
4.4.3 Suggested dolomitization models
The temperature of Jurf and Qishn D1 dolomite formation (44±3◦C) is close
to 50◦C, which is the maximum temperature reached during the day on the
dolomitized modern microbial mats in the Abu Dhabi sabkha (Bontognali
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et al., 2010). The temperature of D1 formation is therefore plausible for
near-surface dolomitization models, such as reflux, evaporative pumping and
marine recharge, suggested to occur below the Abu Dhabi tidal flats in re-
sponse to a relative seal level (RSL) fall (McKenzie, 1981; McKenzie et al.,
1980).
Due to the lack of regional data, the areal extent of the Jurf Forma-
tion dolomite is difficult to compare to the Holocene dolomite in the Per-
sian Gulf. Jurf Formation dolostones were observed in Wadi Jarrah, 60 km
north of Wadi Baw (Immenhauser et al., 2004) suggesting that dolomitiza-
tion was a regional process. The supratidal zone developed during tidal flat
progradation on the Lower Cretaceous epeiric platform would likely have
been orders of magnitude more laterally extensive than in modern sabkha
environments (80 to 130 km maximum length, Purser (1973)) given the low
gradient of epeiric platforms (<0.01m/km) compared to modern slopes (0.3
to 0.4 m/km) in Persian Gulf (Patterson and Kinsman, 1981).
Vertical dolomite abundance decreases below the Persian Gulf sabkha
surfaces (McKenzie et al., 1980) whereas dolomite in the Jurf Formation is
pervasive and affects supratidal, intertidal as well as subtidal facies. This
suggests that dolomitization of the Jurf Formation would have required a
large-scale active long-lived fluid circulation mechanism capable of maintain-
ing the flow of dolomitizing fluids through the epeiric platform. We suggest
that long lasting density driven and elevation head driven flow allowed for
the pervasive dolomitization of the Jurf Formation (D1 precipitation).
Because dolomitization in the Jurf and Qishn formations is stratabound and
the contacts between pervasively dolomitized and partially dolomitized lime-
stones correspond to bedding planes with no particular stratigraphic signif-
icance, I suggest that all the dolomitization processes presented below were
syn-sedimentary. The absence of geochemical and petrographical vertical
gradients also suggests that multiple phases of dolomitization occured as
opposed to a single phase of dolomitization from a key stratigraphic surface.
Density driven flow
Evaporated Cretaceous seawater could actively circulate through the plat-
form by gravity-driven downward flow of dense fluids (”reflux” circulation,
Fig. 4.14A). The classic reflux model first described by Adams and Rhodes
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(1960) suggests that denser saline waters flow from an inner platform out-
wards towards a less saline marine basin. Reflux has proven to occur in
hypersaline settings (Logan, 1987) but also where seawater is only of slightly
elevated salinities, below gypsum and anhydrite saturation (Simms, 1984),
and therefore in carbonate sequences lacking abundant evaporites such as
the Jurf and Qishn formations. Reflux must have been an important pro-
cess because the Jurf Formation dolomites are laterally extensive and this
process enables fluids to circulate over large distances. In particular, dense
brines could have percolated downwards into the Garif Formation and the
Permian sandstone could have acted as a carrier bed for the lateral flow of
dolomitization fluids (Fig. 4.15).
Elevation-head driven flow
The gentle topographic gradient of Lower Cretaceous epeiric platforms sug-
gests that hydrological pumping systems by a hydraulic head present in
modern reefs and atolls (e.g. Oberdorfer et al., 1990) is unlikely. How-
ever, meteoric recharge of the topographic high formed by the presence of
the Haushi-Huqf island could have created a hydraulic gradient due to dif-
ferences in water table elevation (Fig. 4.14B). In addition, the discharge of
meteoric water at the platform margin may have generated a compensatory
flow of seawater at depth in the meteoric-marine mixing zone by buoyant cir-
culation (Machel and Mountjoy, 1990). The buoyant circulation would allow
seawater convection and lateral flow outboard of the mixing zone as invoked
in the dolomitization of the Bahamas platform around the Andros Island
(Vahrenkamp et al., 1991). Buoyant circulation on the surface enables fluid
circulation at depth and might have allowed the fluids to circulate within
the Permian sands. Elevation-head driven flow models have not shown to
produce laterally extensive dolomite bodies (Whitaker et al., 2004). There-
fore this process might have contributed to the dolomitization of the Jurf
Formation but can not explain the lateral extension of the dolomite body.
Another mechanism that could allow fluids to circulate within the Per-
mian sands is upward inflow of groundwaters generated by a mechanism
termed ”evaporative pumping” by Hsu¨ and Siegenthler (1969). Evaporation
of water from a carbonate environment isolated from the surrounding ocean
(for example through the existence of a carbonate sand bar) can lower the
hydraulic head and generate upward inflow of groundwaters (Fig. 4.14C).
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Figure 4.14: Suggested mechanisms for the active circulation of dolomitizing fluids. A-
Reflux model, B- Topography driven flow and seawater convection driven by mixing zone,
C- Evaporative pumping, D- Marine recharge, E- Compaction driven flow. The presence
of evaporites and EPS within microbial mats are schematically indicated. Mechanisms A
to D were suggested for pervasive dolomitization (D1 precipitation). Mechanism E was
suggested for dolomitization along stylolites and inside vugs/moulds (D2 precipitation).
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This relies on a closed basin and arid climate to maintain a deficit in water
balance and has proven to be significant in the modern Abu Dhabi sabkha
(Mu¨ller et al., 1990). Because there are records of only minor evaporite pre-
cipitation evaporative pumping was probably not very active.
Finally, subsurface seawater flow by spatial variations in sea-surface ele-
vation due to winds, tides, currents and waves may be generated at a range
of timescales (Whitaker et al., 2004). The sustained gradient in sea-surface
elevation by marine recharge can drive lateral fluid circulation in the platform
(Fig. 4.14D) as suggested by Carballo et al., (1987) for the dolomitization
of supratidal flats in the Florida Keys. Spatial variations in sea-surface el-
evation created by the accumulation of water behind coastal barriers, have
also been suggested to be important for the dolomitization of the Ordovi-
cian Knox Group (Montanez and Read, 1992). In section 3.3.1 in page 68 we
showed that storms influenced sedimentary processes during the Early Creta-
ceous and we therefore suggest that spatial variations in sea-surface elevation
due to storm recharge might have been important during the deposition of
the Jurf Formation.
Compaction-driven flow
Compaction-driven flow can be significant during burial and compaction
where increased stress raises pore pressures and drives flow towards the sur-
face or laterally into less rapidly compacting sediments (Fig.4.14E). Because
compaction expels a single pore volume of fluid from the source rocks, it can
not generate sufficient fluid flow to explain the origin of pervasive dolomite
bodies (Demming et al., 1990; Machel and Calvell, 1999) but it could ex-
plain the small volume of dolomite present along stylolites, in fractures and
D2 dolomite phase in vug rims. CL zonations of D2 in vug rims could be
explained by the fluctuations in redox conditions of the burial environment.
In addition, compaction driven flow could be responsible for neomorphic re-
crystallization of the dolomite. The close proximity of dolomite with high
Fe and radiogenic Sr content and the Gharif Formation could suggest that
dolomite geochemistry changed by reaction with fluids expelled from the Per-
mian sands during sediment compaction. Sediment thicknesses in the Oman
Interior basin are significantly higher than in the Haushi-Huqf High (see Fig.
3.18 in page 86). I suggest that brines sourced from sedimentary loading
moved updip and laterally (from west to east) along porous conduits such as
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Figure 4.15: Suggested dolomitization model for the Jurf Formation dolomite D1. Dom-
inant processes such as flow due to reflux and storm recharge are drawn in full lines. Less
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with dashed lines. Brines source from seawater moved downdip and laterally along porous
and permeable stratigraphic conduits and underlying fluvial sands. The dolomite is per-
vasive in the transgressive and early regressive phases suggesting that the Permian sands
played a major role in maintaining an active circulation of fluids and/or that climatic
conditions became humid and did not allow enough evaporation to activate reflux.
the Permian sands as early as in the Early Cretaceous (Fig. 4.15).
4.4.4 Implications for dolomite distribution
Global controls on dolomite distribution
The study of synchronism of dolomitizing events in the Phanerozoic (Given
and Wilkinson, 1987; Sun, 1994) and the Cenozoic (Budd, 1997) led to the
formulation of two hypotheses for the forcing mechanism of dolomitization,
one related to glacio-eustatic sea level and the other to global climatic fluc-
tuations.
The first hypothesis stipulated that the most effective dolomitizing environ-
ments are those that circulate large volumes of fluids, a condition that is
most likely to be met in hydrological systems located near mean sea level
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during prolonged periods of time (Sibley, 1991). This implies large volumes
of dolomite being formed either during long highstands or long lowstands.
Furthermore, a genetic relation between dolomite and sea level history has
been identified based on the relation between dolomite abundance and max-
imum continental flooding (Given and Wilkinson, 1987). It is thought that
seawater dolomitization may be enhanced during times of global transgres-
sion characterized by higher atmospheric pCO2, lower oceanic CO3
2− con-
centrations and lower calcite saturation state (Machel and Mountjoy, 1986).
The second hypothesis considers dolomitization to be associated with global
climatic aridity (McKenzie, 1991; Sibley, 1980) and considers salinity as a
critical kinetic factor (Sun, 1994) based on the observation that most large-
scale dolomitization had an origin related to salinity-elevated seawaters.
The dolomite distribution in the Lower Cretaceous of Oman supports
both the first hypothesis (most of the dolomitization occurs during the first
transgressive phase of a low frequency cycle and is associated with conti-
nental flooding, low accommodation and aggradation of peritidal microbial
mats) and the second hypothesis (dolomitization occurs in a peritidal envi-
ronment characterized by high salinities).
Nevertheless, although the Jurf and Qishn Formation are both composed
mainly of peritidal facies deposited under slightly elevated salinities (see sec-
tion 3.3.1 page 70), the volume of dolomite generated by similar dolomitiza-
tion models differs. A significant volume of dolomite is generated in the Jurf
Formation, but dolomitization is restricted to only two, 1 to more than 2
km long, beds in the Qishn Formation. Because there is no clear correlation
between water salinities and dolomitization potential we hypothesize that
salinity of the fluids alone did not exert a primary control on dolomitization.
Controls on Jurf and Qishn formations dolomite distribution
One possible explanation for the disparity in dolomite volumes between the
Jurf and Qishn formations is to hypothesize that the Permian sands below
the Jurf Formation had an influence on the amount of dolomite generated by
acting as a permeable bed and by playing a major role on maintaining active
fluid circulation.
A second explanation could be related to the different relative sea level his-
tories of the Jurf and Qishn formations as suggested by the numerous dis-
continuity surfaces that characterize the peritidal environment of the Qishn
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Formation (Sattler et al., 2005; see section 3.2.2 page 59). It is suggested that
dolomitization in the Qishn Formation would be restricted to periods with
decreased sedimentation rates and limited exposure of the platform allowing
for prolonged rock water interaction between Mg-rich fluids and limestones.
Short-term sea level falls in the Qishn Formation could have been more pro-
longed than in the Jurf Formation and resulted in the flushing of the platform
top by meteoric waters decreasing the Mg/Ca ratio of seawater to levels in-
sufficient for dolomitization.
In addition, it is possible that during deposition the Qishn Formation un-
derwent higher subsidence rates than the Jurf Formation, which resulted in
the supratidal environment to exist for a shorter portion of cycle duration
thus limiting dolomitization. For this same reason it is also suggested that
pervasive early dolomitization is unlikely to have occurred in time equivalent
units in the outer platform, namely in the Kharaib and Shu′aiba formations.
Perhaps the most important difference between the depositional environ-
ment of the Jurf and Qishn formations is the abundance of stromatolitic and
mat-like lamination in the former (see Fig. 3.2 on page 52). The abundance
of microbial mats in the Jurf Formation may have significantly increased its
dolomitization potential as observed in the Abu Dhabi sabkha (Bontognali
et al., 2010). By contrast, the lack of microbial mats in the Qishn Formation
could explain its limited dolomitization potential.
Previous studies demonstrated that he kinetic barriers for dolomite forma-
tion at low temperatures can be overcome as a result of bacterial sulphate
reduction and methanogenesis (Compton, 1988; Mazzullo, 2000). Such mi-
crobial metabolisms based on the consumption and recycling of the buried
organic matter, raise and sustain high pH and alkalinity within pore waters
(Vasconcelos and Mc Kenzie, 1997). The consequent saturation in carbonate
may induce dolomite precipitation from fluids with a high Mg/Ca ratio.
δ13C values show normal marine values suggesting that organic matter de-
composition did not significantly contribute to the dolomite precipitation
but also the lack of unusually high δ13C suggest that methanogenesis is not
a significant process. However, this is not inconsistent with a microbially
induced precipitation as carbonates precipitated in microbial mats are not
necessarily isotopically light or heavy because dolomite precipitation can oc-
cur in equilibrium with seawater (Bontognali et al., 2010).
A curious aspect of the Lower Cretaceous dolomite occurrences is the
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absence of dolomite in the highstands of the Jurf and Qishn formations
where mean sea level and shallow waters typical of highstand periods should
have created optimal dolomitization conditions (as demonstrated for the
Valanginian Habshan Formation by Vandeginste et al. (in press)). Dolomi-
tization of the highstand sequence of the Barremian epeiric platform might
have been prevented by greater humidity and removal of hydrologic restric-
tions, which is what Sun (1994) suggests to explain the absence of dolomite
during the global warm climate in the Late Cretaceous period. The Cre-
taceous is considered to be a warm period but temperature estimates for
Late Barremian-Early Aptian Tethyan marine waters provide evidence for
a cooler climate (Puce´at et al., 2003) and a considerable seasonality of sea
surface temperatures at low latitudes (Steuber et al., 2005). Thus, the dolo-
mite distribution in Barremian-Aptian sequences in Oman could reflect the
change from cooler and more arid conditions in the Lower Barremian (dolomi-
tized Lower Jurf Formation) to warmer and more humid conditions in the
Barremian-Early Aptian (partially dolomitized Upper Jurf and Qishn forma-
tions). Possibly, the humid climate led to a lack of sufficient evaporation to
activate the dolomitizing fluid flow mechanism.
4.5 Chapter conclusions
In the Jurf Formation the dolomite body is 10 meters thick and at least tens
of kilometres wide and overlies a Permian sandstone, whereas in the Qishn
Formation dolomitization is restricted to two half a metre thick tidal flat beds
continuous over one to at least two kilometres. Pervasive dolomitization is
associated with tidal flat successions rich in microbial mats, which suggests
that that the presence of microbial mats strongly influences dolomite distri-
bution both laterally and vertically.
The dolomitizing fluid was likely penesaline to hypersaline evaporated
Cretaceous seawater that, in the case of the Jurf Formation, interacted with
non-carbonate phases either contained within the peritidal carbonates them-
selves or by circulating through underlying Permian sands. Two mechanisms
are proposed for the active circulation of evaporated Cretaceous seawater
through the Jurf and Qishn peritidal carbonate sequences, namely flow by
reflux of dense brines and flow driven by differences in water-table elevation.
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The study of the Jurf and Qishn dolostones demonstrates that periti-
dal carbonates on epeiric platforms can be dolomitized even if there are no
evidence for abundant evaporitic facies. Dolomitization is most effective dur-
ing the Early Barremian transgression when a large-scale dolomitizing flow
system affected tens of square kilometres of the southern Tethys carbonate
platform. By comparing the dolomite occurrences in the Jurf and Qishn
formations with respect to their palaeoenvironments, it is suggested that
dolomitization was not effective in the Oman Interior basins for time equiv-
alent units. It is suggested that the dolomitization potential is dependent
on the presence of a long lasting peritidal environment, the development of
thick successsions of microbial mats and evaporative conditions which exist
around the Haushi-Huqf palaeo-high but are unlikely to exist elsewhere on
the open epeiric platform. The Haushi-Huqf palaeo-high most probably al-
lowed periods of hydrographic restriction that combined with climatic aridity
resulted in optimal conditions for dolomitization.
5 Fracture patterns of Barremian-Aptian
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5.1 Previous work
5.1.1 Tectonic history of the Haushi-Huqf High
The Haushi-Huqf High is thought to have formed during Precambrian times
when the NW-SE trending Abu Mahara rifting event created a series of N-
S to NE-SW trending basement highs by rift shoulder uplift (Husseini and
Husseini, 1990).
From the Early Cambrian to Tertiary the Haushi-Huqf High was uplifted
multiple times as it is suggested by the occurrence of multiple unconformi-
ties and limited sediment preservation and/or deposition in the Haushi-Huqf
area (see Fig. 3.18 on page 86). In the Early Cambrian, the Najd tectonic
event responsible for opening the Ghaba salt basin caused a post-rift uplift
of the eastern Oman margin (Loosveld et al., 1996). At the time of salt
deposition, the Huqf area was a high and it is therefore unlikely that salt
deposited in this area.
The Silurian to Carboniferous sequences are not preserved in Oman indicat-
ing a very broad uplift of the eastern Arabian plate (Loosveld et al., 1996).
The Permian Gharif Formation unconformity in the Haushi-Huqf High area
indicates that this area was probably uplifted due to thermal doming pre-
ceding the break-up of Gondwana (Le Me´tour et al., 1994).
In the Late Jurassic-Early Cretaceous NNE-SSW oceanic spreading formed
the Proto-Owen basin as the Indian plate separated from the Arabian Plate
(Loosveld et al., 1996). The Haushi-Huqf area was probably uplifted at this
time by rift shoulder uplift, which prevented the deposition of Jurassic car-
bonates in the area.
In the Late Early Cretaceous the partial closure of the Proto-Owen basin and
the obduction of the Masirah ophiolite might have resulted in the compres-
sion of the eastern Oman margin and might have resulted in a slight uplift
of the Haushi-Huqf area. Sediment deposition in the Tertiary is scarce in the
Haushi-Huqf area (Immenhauser et al., 2004), which suggests that this area
124 Fracture patterns of Barremian-Aptian carbonates
was uplifted multiple times during this time.
5.1.2 Fracture analysis in the Haushi-Huqf High area
Previous structural analyses of the Lower Cretaceous successions in the Haushi-
Huqf area have concentrated on large structures, such as folds, shear frac-
tures, such as strike-slip faults (Ries and Shackleton, 1990) and normal faults
(Montenat et al., 2003) and extension fractures, such as joints (Bertotti et
al., 2005; Immenhauser et al., 2004).
The Haushi-Huqf area is characterized by closely related NNE- and N-
trending fault segments forming the Haushi-Nafun Fault (HNF) (Fig. 5.1A).
Half-domes and minor folds with NE-SW to NNE-SSW axis (Fig. 5.1B) are
associated with fault segments of the HNF and may be interpreted as drag
folds.
Theory and experiments on strike-slip deformation zones, compiled in Price
and Cosgrove (1990), predict that a left-lateral motion of a basement fault
would form NE-SW trending folds in the sedimentary cover (Fig. 5.2). The
orientation of the folds in the Haushi-Huqf area (Fig. 5.1B) are therefore
consistent with a left-lateral movement of the HNF (Ries and Shackleton,
1990) and indicate a transpressive regime related to a NW-SE to WNW-
ESE direction of compression in pre-Late Cretaceous times as the Indian
Plate drifted northwards (see section 2.1.1 on page 27, Mountain and Prell,
1990). In accordance with this stress field, measurement of stylolites in the
Permian limestones of the Haushi Dome, close to the HNF, indicate an av-
erage direction of maximum compression of N 120◦ (Dubreuilh et al., 1992).
There are two published interpretations on the timing of formation of
NW-SE oriented normal faults: Early Cretaceous according to Montenat et
al. (2003) and Cenozoic according to Fournier et al. (2005).
Montenat et al. (2003) suggest that the upthrust of the Masirah Ophiolite
and the Early Cretaceous NW-SE compression on the southeastern margin
may be responsible for the reactivation of nearby large faults affecting the
basement inherited from previous tectonics such as the large fault corridor
HNF. The sinistral movement of the HNF is compatible with the develop-
ment of NW-trending normal faults (see Fig. 5.2).
Fournier et al. (2005) questioned the Late Aptian normal faulting argued by
Montenat et al. (2003) and suggested that faulting post-dates the deposition
of the Nahr Umr Formation and is therefore post-Late Albian. The former
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Figure 5.1: A- Simplified geological map of the Haushi-Huqf area showing the location of
Wadi Jarrah and Wadi Baw relative to the Haushi-Nafun Fault (modified from Platel et al.
(1992)); B- Simplified structural map of the Haushi-Huqf area based on photogeological
interpretations by Ries and Shackleton (1990). NE-SW and NNE-SSW strike-slip faults
are associated with half-domes and minor folds and the NW-SE structures are normal
faults.
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Figure 5.2: Compilation showing types of secondary features which commonly develop
on the cover rock adjacent to a first order sinistral strike-slip fault in basement rocks as
predicted by theory and experiments. The shear fractures R and R′ form a conjugate
system and are termed Riedel Shears (Riedel, 1929). Tchalenko (1968) defined the shear
fractures P. τ is the shear stress. Modified from Price and Cosgrove (1990).
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authors argue that normal faulting is related to the NE-SW rifting event of
the Gulf of Aden active during the Oligocene to Lower Miocene, and which
effects are widespread in southern Oman (Fournier et al., 2004; Lepvrier et
al. 2002).
Bertotti et al. (2005) and Immenhauser et al. (2004) identified four
stratigraphic intervals within the Qishn Formation affected by widespread
systematic jointing, predominantly trending in the NW-SE direction. Joints
are thought to have formed parallel to the NW-SE maximum compression
generated during Late Aptian transpression along the southeastern margin
of Oman.
Bertotti et al. (2005) show that the fractured intervals are composed of dif-
ferent layers and that no change in joint spacing (ranging from 2 cm to 18
cm) exists between these layers. These authors suggest that the lack of cor-
relation between joint spacing and primary sedimentological factors such as
bedding thickness and lithology is due to early meteoric diagenesis.
The aim of this chapter is to complement the study of Bertotti et al.
(2005) by exploring the link between fracture patterns and depositional
and/or diagenetic features in the Qishn Formation. I focus on a single
pseudo-3D outcrop at Wadi Jarrah (see chapter 3 for sedimentological and
stratigraphical interpretation) that allows the acquisition of detailed data on
fracture spacing, orientation, length and fracture filling for different litholo-
gies. By analysing the orientation of fractures in the context of the tectonic
history of Oman (see section 2.1.1 on page 19) we suggests a kinematic inter-
pretation for the formation of fractures in the Haushi-Huqf High and discuss
wether or not fracture attributes can be extrapolated to the Oman Interior
basins.
Due to restricted outcrop access at Wadi Baw, the fracture patterns of the
Jurf and Qishn dolostones (described in chapter 4) could not be studied. I
stress that no relationship was observed between throughgoing extensional
and shear fractures and dolomitization but a more widespread screening of
the area should be undertaken in order to draw definitive conclusions.
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5.2 Results
5.2.1 Petrography of fractured layers
Grain-supported facies
Rudstones (facies 4b) and grainstones (facies 2a), i.e. grain-supported facies,
are composed of micritized carbonate grains cemented by calcite cement that
occludes most of the porosity (Figs 5.3 and 5.4). Based on XRD analysis,
the grain-supported facies are predominantly composed of calcite and con-
tain trace amounts of quartz (Table 5.1).
Cross-stratified rudstones are poorly sorted, composed mainly of centimetre
to millimetre-scale carbonate grains and form discontinuous dunes that pass
laterally into tabular rudstones and floatstones (see section 3.2.1 page 54).
Carbonate grains show evidence for dissolution and cementation (Fig. 5.3),
which suggests that the cemented porosity is a combination of primary (in-
terparticle and intraparticle) and secondary (mouldic and vuggy) porosities.
Three main types of calcite cement are distinguished based on different CL
patterns and crystal sizes (Fig. 5.3A and A′). Cement cal0a is micrite ce-
ment and cal0b is a very fine (< 10 µm) bladed to fibrous calcite cement that
precipitated around carbonate grains. Cement cal1 is a medium sized (10 to
100 µm long) equant calcite spar that precipitated between the carbonate
grains and is characterised by dull cloudy luminescence under CL and dis-
continuous crushed crystal boundaries under normal light. Intraparticle (and
probably some mouldic porosity) is filled with druzy mosaic calcite cement
with coarse crystal sizes (100 to 300 µm) that are formed of two generations
of big crystals with clear luminescence (cal2a-cal2b). Cement cal2a is pore-
lining and non-luminescent and cement cal2b fills the center of pores and has
bright to dull orange zonations. Separating these generations, there is a thin
bright yellow zone. Cal2a and cal2b precipitated around broken grains and
filled fractures (Fig. 5.3B, B′, C and C′).
Cross-stratified grainstones form two 0.5 m to 1 m thick cross-stratified
beds (see section 3.2.1 page 51). Grainstones are mainly composed of peloids
(ca. 100 µm long) and the interparticle and mouldic porosity has been oc-
cluded by medium crystalline spar (10 to 100 µm long) with uniform dull
brown luminescence (cement cal1, Fig. 5.4A and A′). Carbonate grains can
be partially replaced by finely crystalline spar (<20 µm) with dull cloudy
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Figure 5.3: Major petrographic characteristics of rudstones (facies 4b, scale bar is 100
µm). A and A′ - Thin section of a rudstone viewed under CL (A) and polarised light (A′)
showing three main calcite cement types occluding most of the porosity: cal0a- micritic
crust, cal0b- bladed marine calcite, cal1- equant marine calcite, cal2a- equant late calcite
(1st generation), cal2b- equant late calcite (2nd generation); B and B′- Thin section of a
rudstone under plane light (B and C) and CL (B′ and C′) showing evidence for mechanical
compaction and fracturing (arrows). Note that cements cal2a and cal2b precipitate around
broken grains and infill fractures indicating that they precipitated after compaction and
fracturing.
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brown luminescence (cement cal1) similar to the luminescence of the micrite.
Peloid-peloid contacts show grain indentation with possibly some gentle pres-
sure solution (Fig. 5.4A and A′).
A A’
cal1 
peloid
cal1 
1
1
cal1 
cal1
cal1
Figure 5.4: Major petrographic characteristics of grainstone (facies 2a, scale bar is 100
µm). A, A′- Thin section of a peloidal grainstone viewed under plane light (A) and CL
(A′) showing cal1 calcite cement phase. 1- contact between two peloids showing grain
indentation with possibly some gentle pressure solution.
Mud-supported facies
Mud-supported facies (FA1, FA3, FA5 and FA6) include wackestones and
packstones composed of micro-metre-scale skeletal debris, dasycladacean al-
gae and benthic foraminifera in a micrite matrix that contains up to 1.6 % of
quartz and clays (Table 5.1). The micrite matrix is microporous and contains
rare moulds of skeletal debris. Most of the mouldic porosity and intraparticle
porosity is filled with calcite cements (Fig. 5.5).
5.2.2 Tensile strength
The tensile strength of the rudstone is 3.62 MPa (n=9, S.D.=0.82), of the
grainstone 3.68 MPa (n=5, S.D.=0.95) and of the argillaceous wackestone
is 2.09 MPa (n=1) (Table 5.1). The mud-supported facies is mechanically
weaker than the grain-supported facies. Rudstones and grainstones have sta-
tistically identical tensile strengths. Individual results for each specimen can
be found in appendixes D.1 and D.2.
The contrast in mechanical properties between different layers can be seen
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Figure 5.5: Major petrographic characteristics of mud-supported facies (scale bar is
100 µm). Thin section of an orbitolinid wackestone viewed under plane light. 1- calcite
cement filling intraparticule porosity; 2- possibly mould of a shell fragment filled with
calcite cement.
Facies	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(facies	  code	  as	  in	  Table	  3.1)
Mineralogy
Average	  
maximum	  
load	  	  	  	  	  	  	  	  
(kN)
Number	  of	  
samples
Standard	  
deviation	  	  	  
(MPa)
Average	  
tensile	  
strenght	  (MPa)
cross-­‐stratified	  rudstone	  (4b)
calcite	  (99%),	  
quartz	  (0.3%)
5.0023 9 0.82 3.62
cross-­‐stratified	  grainstone	  (2a)
calcite	  (99%),	  
quartz	  (0.3%)
5.0947 5 0.95 3.68
orbitolinid	  wackestone	  (5)
calcite	  (98%),	  
quartz	  (1.3%),	  
clays	  (0.3%)
2.8893 1 N/A 2.09
Table 5.1: Mineralogy (determined by XRD) and tensile strength (determined by the
Brazilian test) for grain-supported rocks (grainstone and rudstone) and for mud-supported
rocks (wackestone).
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in the field. A north-south oriented normal fault shows refraction indicating
that the angle of internal friction differed between layers at the time of fault-
ing (Fig. 5.6). The angle of a fracture relative to the maximum compressive
stress σ1, named θ, is related to the angle of internal friction φ of the rock
by the following equation: θ=45◦-φ/2. The higher the φ, the lower the θ and
the higher the angle of the fracture relative to the bedding plane.
5.2.3 Fracture spacing and orientation
Fractures at Wadi Jarrah take two forms: they are either confined to single
beds and are referred to as stratabound fractures or they cross-cut several
beds and are referred to as throughgoing fractures. Data on fracture spacing
was acquired only on fractures with field evidence for dominantly opening
displacement and no macroscale vertical shear displacement. The fractures
studied are not refered to as extension fractures (i.e. joints) because one can
not rule out the existence of microscale shear displacements.
Stratabound fractures
Stratabound fractures perpendicular to bedding planes and trending NW-SE
(N150 set) develop in cross-stratified rudstones, cross-stratified grainstones
and bioturbated rudstones to floatstones (Fig. 5.7A and C). Stratabound
fracture spacing is on average 0.13 m (n=88, standard deviation (S.D.) =0.08
m), 0.09 m (n=161, S.D.=0.04 m) and 0.10 m (n=321, S.D.=0.07 m) for the
cross-stratified rudstones, cross-stratified grainstones and the bioturbated
floatstones to rudstones respectively and spacing distributions follow nor-
mal distributions laws (Table 5.2, Fig. 5.8A, B and C). One floatstone bed
contained fractures trending NE-SW (see Fig. 5.7B, the N030 set) with an
average spacing of 0.3 m (n=54, S.D.=0.2 m). Fracture paths of stratabound
fractures are characterized by anastomosing geometry with numerous curving
overlaps and cracks intersections (see e.g. Fig. 5.7C).
Throughgoing fractures
Throughgoing fractures were measured in argillaceous wackestones and pack-
stones although they cross-cut multiple beds (Fig. 5.7D). Because of the poor
outcrop accessibility the total length of each fracture could not be measured
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1 m
N-S normal fault
1 m
grain-supported (facies 2a) mud-supported (FA1 and FA3)
Figure 5.6: Field photograph and diagram of a normal fault from the N180 set show-
ing refraction (arrows). Fault refraction indicates that the mechanical properties of the
sedimentary beds were different at the time of faulting. The higher the angle of the fault
relative to the bedding plane, the higher the angle of internal friction of the rock. It can be
seen that mud-supported beds have different mechanical properties at the time of faulting.
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C
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Figure 5.7: Field characteristics of fracture geometry in Qishn Formation carbonates. A,
B and C- Photographs of plane views of stratabound fractures from N150 and N030 sets
in grainstones (A), floatstones (B) and rudtsones showing anastomosing crack paths and
crack linkage (arrows) (C); D, E- Photograph of throughgoing fractures in cross-section
(D) and plane-view (E). Throughgoing fractures cross-cut layers of different lithologies
(D) and fracture tips overlap and do not intersect (arrows in E).
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Figure 5.8: Fracture spacing frequency for areal surveys of bed confined fractures (N150
set) in rudstones (A), grainstones (B) and floatstones/rudstones (C) and for scanline
surveys of N180 throughgoing fractures (D). Spacing frequencies of stratabound fractures
fit a normal distribution law whereas spacing frequencies of throughgoing fractures fit a
negative exponential law.
136 Fracture patterns of Barremian-Aptian carbonates
Texture	  (Dunham)	  of	  beds
Fracture	  strike	  
range
Fracture	  set
Average	  spacing	  
in	  m	  (number	  of	  
samples)
Standard	  
deviation	  	  	  	  	  
(m)
Spacing	  frequency	  
distribution	  law
Cross-­‐stratified	  rudstone N140-­‐160 N150 0.14	  (88) 0.08 normal
Cross-­‐stratified	  grainstone N140-­‐160 N150 0.09	  (161) 0.04 normal
Floatstone/rudstone N140-­‐160 N150 0.10	  (321) 0.07 normal
Floatstone N020-­‐N050 N030 0.3	  (54) 0.2 normal
Wackestones	  to	  packstones N170-­‐N010 N180 5.6	  (93) 8.1 negative	  exponential
Wackestones	  to	  packstones N050-­‐N070 N060 23	  (34) 52 negative	  exponential
Wackestones	  to	  packstones N020-­‐N050 N030 10	  (20) 15 negative	  exponential
Wackestones	  to	  packstones N150-­‐160 N150 16	  (12) 19 negative	  exponential
Wackestones	  to	  packstones N100-­‐N110 N110 17	  (6) 24 negative	  exponential
Stratabound	  fractures
Throughgoing	  fractures
Table 5.2: Fracture spacing for each fracture set for different Dunham carbonate textures.
The grain-supported textures (grainstones, rudstones and floastones) are predominantly
fractured by N150 fracture set and the spacing frequency distribution follows a normal
law. Mud-supported textures (wackestone, packstone) display several fracture sets and
the spacing frequency distribution of every fracture set follows a negative exponential law.
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Figure 5.9: Rose diagram of orientation of throughgoing fractures. Note predominant
N-S set and minor NE-SW, ENE-WSW, WNW-ESE and NW-SE sets. The orientation of
faults measured in this study and measured by Ries and Shackleton (1990) are indicated.
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but lengths span between 5 and 30 metres. The rose diagram for throughgo-
ing fractures, (Fig. 5.9), reveals a polymodal distribution of strikes (fracture
sets N180, N060, N030, N150 and N110) with a dominant N-S trending di-
rection.
The spacing of throughgoing fractures from the N180 set is on average 5.6 m
(n=93, S.D.=8 m), and is therefore higher than the spacing of stratabound
fractures by one order of magnitude (Table 5.2). The fracture spacings of
N060, N030 and N110 fracture sets are higher than the spacing of stratabound
fractures by two orders of magnitude, ranging from 10 to 23 m (Table 5.2).
The spacing distributions of throughgoing fractures follow a negative expo-
nential law (Fig. 5.8D). The fracture tips of throughgoing fractures overlap
and do not intersect (Fig. 5.7E) and generally the paths of the through-
going fractures are less curved and more continuous than the paths of the
stratabound fractures.
Shear fractures
At Wadi Baw, some throughgoing fractures from the sets N180, N060, N030,
N150 have normal and strike-slip components of movement accommodating
small displacements (1 m or less) (see Appendix E.1 and Fig. 5.10). The
compressional jog observed at Wadi baw (Fig. 5.11, see Appendix E.1 for
location) is an indication of the evolution of shear movements. Horizontal
slickenlines observed on one north-south fracture plane suggests horizontal
shear whereas vertical slickenlines (Fig. 5.12) observed on one northeast-
southwest fracture plane suggest vertical shear. The existence of both hori-
zontal and vertical shear movement could indicate that the grabens observed
in Wadi Baw (Fig. 5.10) are small pull apart basins created by the movement
of non-linear strike slip faults.
5.2.4 δ13C and δ18O of fracture infill
All measured fractures are closed apart from approximately 1.5% that are
filled with mm- to cm-scale transparent calcite spar cement or carbonate
mud. In thin sections fractures were seen to be filled by cal2 cements (see
section 5.2.1 in page 128). Presumably fractures are filled by cal2 cements
but given that a petrographic characterisation of cements filling fractures
could not be done, this hypothesis could not be tested. Approximately 40%
of the fractures filled by calcite cement are from the N180 set, 20% from the
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Figure 5.10: Field panorama of normal faults with possibly a strike-slip component in the
Qishn Formation. The graben could be interpreted as a small pull-apart basin created by
movements on non-linear strike-slip faults. The two dolomite beds in the Qishn Formation
are arrowed for reference.
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grain-supported (facies 2a) mud-supported (FA1 and FA3)
Figure 5.11: Field photograph and diagram of a compressional jog related to the move-
ment of N-S oriented normal faults. Thickness changes should not be interpreted as an
indicator of synsedimentary faulting because most likely there was out of plane movement.
N110 set, 20% from the N060 set, 10% from the N030 set and 10% from the
N150 set. At Wadi Jarrah, δ13C and δ18O values of fracture infill range from
-1.0‰ to 1.5‰ and -5.5‰ to -3.2‰ respectively and are within the range
of values measured for the host rock (Fig. 5.13). At Wadi Baw, most of
the calcite cements filling fractures have similar δ13C to the host rock but
more negative δ18O (by 0.1‰ to 1‰). One fracture from the N110 set is
filled with calcite cement with very negative δ13C (-6.9‰) and δ18O (-9.8‰)
values that are more negative than δ13C and δ18O values for calcite cement
found on outcrop exposed surfaces.
Figure 5.14 shows that spatially related fractures from N110 and N180
fracture sets are filled with cements with different δ18O values. The infill of
N110 fracture set has similar δ13C values to the infill of N180 fracture set
but more negative δ18O by 2‰. N180 and N110 fracture sets do not abut
against each other (i.e. they cross-cut each other) and calcite cement filling
N180 fractures is undeflected by N110 fractures whereas calcite cements filling
N110 fractures are cross-cut by N180 fractures.
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Figure 5.12: A- Normal fault (the arrow is on the hanging wall). B- Vertical sliken-lines
on normal fault hanging wall (arrow on the hanging wall shows the direction of movement).
The normal fault is from the N030 fracture set and abuts on a fracture from the N110 set
(see dashed lines). Notebook for scale.
5.2 Results 141
Samples from  
faults in Wadi Baw
Samples from 
Wadi Jarrah
-10 -9 -8 -7 -6 -5 -4
-6
-4
-2
2
δ18O (‰ VPDB)
δ13
C
 (‰
 V
P
D
B
)
N170 - N010
N020 - N050
N050 - N070
N150 - N160
N100 - N110
N150 - N160
Calcite cement inll
Carbonate mud inll
Qishn Fm limestone
Jurf Fm limestone
Calcite cement sampled 
on outcrop surface
Figure 5.13: Cross-plot of δ13C and δ18O values of calcite cement and carbonate mud
filling fractures at Wadi Jarrah and Wadi Baw. The range of values measured for the host
rock is indicated. Most fracture fillings have carbon and oxygen isotopic signatures similar
to the host rock. δ18O values for Wadi Baw samples are generally more negative than for
Wadi Jarrah samples. The isotopic signature of calcite cement found on outcrop exposed
surfaces is indicated for comparison.
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Figure 5.14: Field photograph and drawing of a small graben at Wadi Baw showing
cross-cutting relationships between fracture sets N180 and N110 and carbon and oxygen
isotopic compositions of the cements filling these fractures (notebook and compass for
scale). δ18O of cements filling N110 fractures is lower by 2‰ when compared to the filling
of N180 fractures. A- N180 fracture filled with calcite cement cross-cutting N110 fracture.
The cement is not cross-cut by N110 fracture suggesting that N180 fracture filled after
the formation of N110 fracture. B- Closely spaced N110 fractures filled with cement are
cross-cut by N180 fracture. N180 fracture must have formed or been reactivated after the
filling of N110 fractures. C- N110 fracture filled by calcite cement is cross-cut by N180
fracture.
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5.3 Interpretation and discussion
5.3.1 Paragenesis of calcite cements
In order to discuss the lithological control on fracture distribution it is nec-
essary to estimate the petrographic characteristics of the rock at the time of
fracture development. Defining the paragenesis, i.e. the timing and environ-
ment of precipitation of different cement phases, is key to investigating the
timing of fracture development relative to diagenetic alteration.
Micrite cement (cal0a) is very stable mineralogically since it can often be
recognised as a mould around dissolved carbonate grains in extensively dia-
genetised rudstones. Micritization of carbonate grains is known from modern
carbonate environments and is related to early marine diagenesis (Bathurst,
1975). The very fine bladed to fibrous calcite cement cal0b is not present
inside leached or around broken grains and is therefore interpreted to be
pre-compactional. The dull luminescence of cal0b indicates that this cement
precipitated in a well-oxygenated environment (Boggs and Krinsley, 2006)
such as the shallow marine and the vadose meteoric environments. The va-
dose meteoric zone is characterised by meniscus and geopetal cements. I do
not find this cement types and therefore suggest that it is more likely that
cal0b fibrous calcite cement are early marine cements.
Cal1 post-dates the micrite crust and the fibrous circumgranular calcite
and pre-dates compaction. Cal1 is interpreted to be an early marine cement
that precipitated from marine waters saturating the pore space at time of
deposition. Extensive early marine diagenesis in rudstones and grainstones is
consistent with the fact that high interparticle porosities and permeabilities
at deposition favour extensive circulation of marine fluids and subsequent
cementation by marine calcite cements shortly after deposition. Given the
peritidal depositional setting and in the absence of measurements on the tem-
perature and composition of the fluid that cemented grain-supported facies
we cannot rule out the possibility that cal1 precipitated in the early meteoric
environment.
Cal2a and b cements occur around broken carbonate grains and inside
fractures suggesting that cal2a and b precipitated during and after com-
paction and fracturing. Cement cal2a precipitated first because it is found
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on the rims of pores and growths towards the center of the pores. Cement
cal2b is the latest cement to precipitate and it occludes porosity.
The non-luminescent cal2a represents precipitation from oxidizing waters
containing neither Mn2+ nor Fe2+ in solution. As oxygen is used up, the
conditions become briefly suboxic, when Mn2+ can exist in solution and is
incorporated in the growing calcite crystal, but Fe2+ cannot. Thus a thin
bright luminescing zone is precipitated. When conditions become anoxic,
both Mn2+ and Fe2+ are present in pore fluids and are incorporated in the
cement producing dull luminescing cal2b cements. This zoning reflects a
changing in the redox conditions of the solution that goes from oxidising to
reducing conditions. Adams and Mc Kenzie (1998) have described this same
type of zoning and have related it to precipitation of cement during increas-
ing burial.
It is suggested that at the time of fracturing, cal2 cements had not yet (fully)
precipitated in matrix porosity and that therefore the rudstones did not have
the same petrographic characteristics as observed today. The difficulty in es-
timating the amount of open porosity at the time of fracturing implies that
any attempt to find causal relationships between the amount of porosity and
fracture densities will be prone to uncertainty.
Mud-supported facies are characterized by low porosities and permeabil-
ities that do not allow extensive fluid circulation and subsequent calcite ce-
mentation. Petrographic evidence for early diagenetic cementation is virtu-
ally absent and lithification probably occurred in the shallow burial domain.
5.3.2 Controls on fracture patterns
Controls on fracture densities
The mechanical properties of sedimentary rocks evolve during progressive
diagenesis and the absolute value of present day tensile strength is unlikely
to represent the mechanical properties of the rock at the time of fracturing.
However, given that only moderate late diagenetic alterations were identi-
fied, we argue that the relative values of the tensile strengths of the different
rock types can be used to guide our conclusions. The measurements of ten-
sile strength indicate that cemented, grain-supported rocks are mechanically
stronger than mud-supported rocks.
Analysis of fracture spacing measurements yields the general result that frac-
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Figure 5.15: Schematic block diagram of fracture patterns in grain and mud-supported
beds. NW-SE oriented fractures are evenly and closely spaced in grain-supported beds.
N-S, WNW-ESE, NW-SE, NNE-SSW and NE-SW fractures are unevenly spaced and
cross-cut several beds. Fracture spacings and bedding thicknesses are not to scale.
tures on grain-supported rocks are more closely spaced (by at least one order
of magnitude) than fractures on mud-supported rocks (Fig. 5.15). This result
confirms the observation that fracture spacing is related to rock strength or
brittleness and that the stronger and more brittle rocks have higher fracture
densities (Nelson, 2001). In the Qishn Formation brittleness and therefore
fracture densities seem to be controlled mainly by the Dunham texture and
early marine cementation.
Another important factor possibly explaining why grain-supported rocks
present higher fracture densities than mud-supported rocks is the difference
in the abundance of flaws. Fractures typically initiate at local concentra-
tions of tensile stress around flaws, or other nuclei such as fossils, which act
as sites of fracture initiation (e.g. Pollard and Aydin, 1988). The larger
the flaw the greater the stress concentration and therefore the likelihood of
fracture initiation (Gross, 1993). Renshaw and Pollard (1994) demonstrated
with numerical models that the number of fractures increases with increasing
flaw density but that the qualitative development of fracture sets is indepen-
dent on flaw density. The grain-supported rocks are composed of many large
nuclei, such as cm-scale fossils, and this may explain why grain-supported
facies have the highest fracture densities. In contrast, the mud-supported
rocks contain fewer and smaller sites for fracture initiation than the grain-
supported rocks, which might explain why the former present lower fracture
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densities but does not explain why fracture spacing distributions are different
between grain-supported and mud-supported beds.
A third factor possibly controlling fracture densities is the bed thickness.
Models relating fracture spacing to mechanical bed thickness have been de-
veloped for layered sequences with high competence contrast between brittle
layers and inter-bedded ductile shale or marl layers (e.g. Gross et al., 1995;
Hobbs, 1967; Ji and Saruwatari, 1998). Mechanical models found approxi-
mately a linear relationship between mean joint spacing and bed thickness
for which the slope of the line is a function of lithology and, by inference, of
mechanical properties.
However, the sedimentary succession of the Qishn Formation is character-
ized by a low contrast in rock competence (tensile strength between grain-
supported and mud-supported rocks differs by 1 MPa only) and a lack of low
friction, ductile layers between the competent limestones, and therefore dif-
fers from the numerical and analogical models of fractured layered sequences
used to investigate the fracturing of layered media. Results show that no
correlation exists between the Qishn Formation bed thickness and fracture
density and that different fracture sets have different fracture densities within
the same bed (see Table 5.2) indicating that fracture spacing is not controlled
by bed thickness alone.
Controls on fracture spacing distribution
Fractures forming in mud-supported and grain-supported rocks present fun-
damentally different spacing frequencies distributions. A normal distribution
describes the spacing frequency of the fractures forming in grain-supported
facies whereas a negative exponential distribution describes the spacing fre-
quency of fractures in mud-supported facies. Rives et al. (1992) suggested
that the type of probability law fitted to the fracture spacing distribution
relates to the fracture set development stage.
In grain-supported beds, the normally distributed fracture spacing frequen-
cies indicate that the latter are saturated with fractures. In contrast, the
negative exponential spacing distribution law found in the mud-supported
facies implies that fractures are randomly spaced and represent an early stage
in fracture evolution. The mud-supported beds are therefore undersaturated
with respect to fractures. Because, at an early stage of fracture development,
the process of fracture initiation is a random process (Rives et al., 1992) and
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Figure 5.16: Fracture sets after 150 growth iterations under the velocity exponent indi-
cated. Fractures are evenly spaced when the velocity exponents is low and cluster when
the velocity exponent is high. From numerical models of Renshaw and Pollard (1994).
the fractures are initially widely spaced, it is impossible to predict the posi-
tion of a future fracture relative to an existing one. However, at some point
in the evolution of the fracture set, the influence of earlier formed fractures is
”felt” by the new fractures and consequently begin to influence the location
of fracture initiation.
Renshaw and Pollard (1994) showed experimentally that only one pa-
rameter, the velocity exponent, has an important control on the geometric
evolution of a fracture set. Figure 5.16 shows the development of one fracture
set in two models which only differ in the values of the velocity exponents.
For high velocity exponents fractures will tend to form in clusters rather to
be uniformly spaced. The velocity exponent relates fracture propagation ve-
locity to stress concentration at the fracture tip and is therefore dependent
on the mechanical properties of the rock. This implies that some lithologies
will have the tendency to form clustered fracture sets (i.e. fracture spacing
distribution will tend to follow a negative exponential law). This implies
that the spacing frequency fitted probability law not only reflect the fracture
development stage but is also dependent on intrinsic mechanical properties
of rocks. Appropriate values of the velocity exponent under geologic condi-
tions are unknown so it is difficult to quantify the influence of the velocity
exponent on the degree of fracture set clustering relative to other factors.
148 Fracture patterns of Barremian-Aptian carbonates
Controls on fracture height
Layered rocks with weak bedding interfaces are characterized by the termi-
nation of fractures at the bed contacts whereas stronger bedding interfaces
have higher probabilities for fractures to cut across the interfaces (Cooke and
Underwood, 2001). Therefore, the mechanical properties of the bedding in-
terfaces must exert an important control on fracture height, i.e. on whether
stratabound or throughgoing fractures develop.
In the Qishn Formation, the bedding interfaces are sharp and are not in-
tercalated by sediments. The bedding interfaces probably became stronger
as burial increased because of the increase in normal stress across them,
which would inhibit sliding (Renshaw and Pollard, 1995) or interface open-
ing (Cooke and Underwood, 2001). With increasing depth of overburden, the
shear strength of the bed interfaces increases, and as a result, the amount
(length) of slip along the interface decreases. For a given strain, a decrease in
slip leads to an increase in the stress transferred to the beds. This inability
to slip facilitates the formation of throughgoing fractures and the transfer of
increased stresses to the beds may have enabled fracture initiation in mud-
supported rocks.
The fundamental differences in the fracture terminations of stratabound
and throughgoing fractures can be used to infer relative differences in the
palaeostresses under which these two fracture types formed (Olson and Pol-
lard, 1989). The stratabound fractures traces exhibit numerous curving over-
laps and cracks intersections indicating that the maximum compression be-
came perpendicular to the crack creating a crack-parallel differential tension
and promoting a T-type intersection and linkage (Olson and Pollard, 1989).
In contrast, throughgoing fractures crack tips overlap without intersecting.
The overlapping crack tips indicate that the maximum compressive stress
remained parallel to the initial crack trend throughout propagation (Olson
and Pollard, 1989) preventing crack linkage. The crack tip overlap of the
throughgoing fractures supports the contention that the former propagated
under a larger differential stress than the stratabound fractures.
Furthermore, the curvature of fracture tips has also been demonstrated to be
dependent on the strain rate. Because lower strain rates develop fracture tips
with greater curvatures (Wu and Pollard, 1992), it is suggested that strata-
bound fractures developed at lower strain rates than throughgoing fractures.
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Figure 5.17: A- Mohr stress circles (i)-(iv) representing a range of stress states, all of
which lead to tensile failure. The Mohr circle (iv), that represents hydrostatic stress, is
a point. B- Patterns of tensile failure generated by the corresponding stress states shown
in (A). σ is the normal stress, τ is the shear stress, σ1 and σ3 are the maximum and
minimum compressive stresses respectively. From Cosgrove (1995).
The fundamental differences in the fracture trace linearity of anastomos-
ing stratabound and relatively linear throughgoing fractures can also be used
to infer relative differences in the palaeostresses. Because tensile fractures
form normal to the minimum principal compressive stress σ3, the magni-
tude of the differential stress σ1-σ3 and σ2-σ3 has an effect on the linearity
of the fracture paths. The stress state (i) represented by Mohr circle (Fig.
5.17A) has a relatively large differential stress and there is therefore a defi-
nite direction of easy opening for the fractures. However, for the stress states
represented by the Mohr circles (ii-iv) the differential stress becomes progres-
sively smaller until, for the hydrostatic stress represented by circle (iv), the
differential stress is zero. In a hydrostatic stress field the normal stress across
all planes is the same and there is, therefore, no direction of relatively easy
opening for the fractures. Thus they will show no preferred orientation. It
can be seen that as the differential stress becomes progressively lower so the
tendency for the resulting tensile fractures to form a regular array normal
to σ3 decreases (Fig. 5.17B). We suggest that the relatively linear through-
going fractures must have formed under higher differential stresses that the
anastomosing stratabound fractures.
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Figure 5.18: Cross-cutting relationship between fracture set N060 and N110. Fracture
N060 abuts on fracture N110 indicating that fracture set N110 formed before fracture set
N060.
5.3.3 Kinematic interpretation
From our understanding of the tectonic history of Oman (Filbrandt et al.,
2006; Loosveld et al., 1996) it is known that the Lower Cretaceous sediments
were subjected to two phases of Alpine deformation (see section 2.1.1 on page
23). In the Late Cretaceous the maximum horizontal stress was oriented NW-
SE (first Alpine phase) and changed during the Cenozoic to NE-SW (second
Alpine phase).
Interpreting cross-cutting relationships between fracture sets is useful be-
cause, as a general rule, the later fracture abuts against the earlier fracture.
If an early fracture is an open fracture then it will represent a free surface
within the rock and will be unable to support a shear stress. Consequently
the principal stresses will reorient as they approach into a position either
normal or parallel to the fracture and the later fracture will abut against the
early fracture.
Cross-cutting relationships observed in Wadi Baw and Wadi Jarrah are not
systematic and the chronology of fracture sets development could not be
resolved. Despite the lack of statistically robust results a few convincing
cross-cutting relationships are presented in figures 5.12, 5.18 and 5.14. Fig-
ures 5.12 and 5.18 show that N030 and N060 fracture set are both younger
than fracture set N110. Because the two fracture sets N180 and N110 cross-
cut each other (Fig. 5.14) no abutting relationships are observed, which
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suggests that these fracture sets formed contemporaneously. The fact that
calcite cement filling N180 is not cross-cut by N110 (Fig. 5.14) suggests that
N180 filled after formation of N110. By contrast, the fact that calcite ce-
ment filling N110 fractures is cross-cut by N180 fracture suggests that N180
fracture set was reactivated or formed after the filling of N110 fracture set.
The isotopic signatures of calcite cements and carbonate mud filling frac-
tures can also help to determine the chronology of the different fracture sets.
Most of the fracture fillings have isotopic values similar to the host rock sug-
gesting that the fluids were strongly rock buffered. An exception is the filling
of N110 fracture set that have more negative δ18O than the filling of N180
fracture sets by 2‰ (Fig. 5.14). The depletion in δ18O of the calcite cement
filling N110 fractures could indicate that (i) the fluids were less rock-buffered
or that (ii) the fluids were hotter. In the absence of independent estimates
of the temperature of the fluids (by fluid inclusion or clumped isotope anal-
ysis) both hypothesis (i) and (ii) are equally possible. It is suggested that,
although N180 and N110 fracture sets formed contemporaneously, these frac-
ture sets were cemented at different times.
The fact that the δ18O of one fracture from set N110 is more negative than
calcite cements on the outcrop exposed surface that are thought to precipi-
tate during the wet Early Holocene period (Burns et al., 1998; Immenhauser
et al., 2004), suggests that calcite cement filling fracture set N110 did not
precipitate from meteoric fluids after outcrop exhumation in the Holocene.
Even in the absence of cross-cutting relationships, extensional fractures
from the N150 set can be confidently said to have formed during the first
Alpine phase of deformation, under a NW-SE compression in the Late Cre-
taceous as previously suggested by Bertotti et al. (2005) (Fig. 5.19A). The
N150 fracture set is therefore the oldest fracture set and develops predomi-
nantly in grain-supported beds until fracture saturation.
Once a set of extensional fractures develops in a bed (such as fracture
set N150) it is extremely difficult to form a second set of extension fractures,
which make a small angle with the first set (such as fracture set N180) (Price
and Cosgrove, 1990). There is however no great difficulty in permitting a
second set of fractures to form at a small angle, provided they are the result
of shear failure. Based on the evidence of minor horizontal shear movement
in fractures from N180 set we suggest that N180 fracture set result from shear
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failure.
Theory and experiments predict that above strike-slip faults in basement
rocks, secondary fractures should develop in the sedimentary cover upon
reactivation of the former (see Fig. 5.2 page 126). Riedel (1929) has demon-
strated with experiments that one type of these secondary fractures are con-
jugate Riedel Shears R and R′ that develop oriented at ∼30◦ to the maximum
compressive stress.
I suggest that as the Indian plate was moving north during the Late Cre-
taceous, NNW- oriented pan-African structures, such as the Haushi-Nafun
Fault (see Fig. 5.1A for location of the fault relative to the studied area),
were reactivated in a sinistral strike-slip regime on the eastern Oman mar-
gin. This transpressive regime resulted in the formation of Riedel structures
R and R′ corresponding to the N180 and N110 fracture sets, respectively
(Fig. 5.19A). Riedel (1929) predicted that Riedel shears R developed first
and more frequently than R′, which is in accordance with the field observa-
tion that N180 fracture set is dominant.
In the Eocene-Pliocene second Alpine phase, the opening of the Red Sea
and the Gulf of Aden resulted in the collision between the Arabian and Ira-
nian plates. The maximum compressive stress was oriented NE-SW and as
a result the NNW-oriented pan-african structures were inverted in dextral
transpression. I suggest that dextral transpressional movements of strike-
slip faults in the basement formed Riedel shears in the sedimentary cover
corresponding to the N180 and N060 fracture sets (Fig. 5.19B). The exten-
sional fractures of the N030 trending set are thought to have formed as a
result of this NE-SW maximum compression.
The kinematic interpretation is in accordance with the cross-cutting re-
lationships observed in the field, in the sense that fracture sets N030 and
N060 develop later than fracture set N110 and that fracture set N180 was
reactivated after the formation of fracture set N110.
5.3.4 Implications for regional fracture patterns
Assessing how our results can be applied in the Lower Cretaceous succes-
sions elsewhere in Oman is important because the productivity of several
giant fields south of the Oman Mountains (Fahud and Ghaba Salt basins)
is thought to be affected by major NW-SE and WNW-ESE and minor NE-
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Figure 5.19: A- During the northward migration of the Indian plate in the Late Creta-
ceous, NW-SE compression formed the N150 fracture set. Fracture sets N180 and N110
are interpreted to be Riedel shears developed in a sinistral strike-slip regime around Late
Cretaceous times. B- During the collision of the Arabian Plate with the Iranian Plate in
the Cenozoic, NE-SW compression formed the N030 fracture set. Fracture set N060 is
interpreted to be a Riedel shear developed in a dextral strike-slip regime. SHmax is the
maximum horizontal stress. Tectonic maps from Loosveld et al. (1996). Note that dia-
grams of fracture patterns predicted by theory and experiments do not take into account
compression. Refer to Sanderson and Marchini (1984) for a full description of structures
forming in a transpressive regime.
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SW fracture systems associated with strike-slip and normal faulting resulting
from tectonic events associated with the first and second Alpine phases (Fil-
brandt et al., 2006). Given that measured fracture directions in the Haushi-
Huqf area are consistent with measurements in the Oman Interior basins,
fracture patterns are thought to relate to regional rather than local stress
fields.
The Kharaib and Shu′aiba Formations are sedimentologically similar to
the Qishn Formation (Immenhauser et al., 2004). The textures and early dia-
genetic processes of the Lower Cretaceous rocks should be similar because
they are all part of the same extensive epeiric carbonate platform. Because
the Dunham texture and early marine diagenesis (in particular cementation)
are the most important controls on fracture saturation, our findings should
justifiably be applicable to the Kharaib and Shu′aiba sedimentary rocks. I
therefore hypothesize that, consequently, if variations along bed interfaces
are negligible, mechanical stratigraphy should be consistent regionally and
follow the mud versus grain-supported facies distributions established above.
The experimental results obtained by Rives et al. (1992) and Wu and Pol-
lard (1995) suggest that as strain increases fracture spacing decreases along
a hyperbolic function (Fig. 5.20). In other words, fracture spacing decreases
rapidly in the early stage of fracture development and reaches a constant
value at late stages of fracture development. This means that, beyond some
limiting value, a greater applied strain will not change the fracture spacing
significantly (Wu and Pollard, 1992). This is probably because later deforma-
tion is accommodated by opening the existing joints rather than by creating
new ones (Narr and Suppe, 1991).
Given that overburden depths are higher in the Oman Interior basin
(Loosveld et al., 1996), higher differential stresses are expected for the Kharaib
and the Shu′aiba formations. Because mud-supported beds in the basin
should be at a later fracture development stage than at outcrop, we pre-
dict that average fracture spacing in mud-supported beds will be reduced.
Rives et al. (1992) predict that log-normal and eventually normal fracture
spacing distribution laws will be expected during the later stages of frac-
ture development. Therefore we predict that throughgoing fractures will be
closely and evenly spaced in the basin.
In the absence of knowledge on strain rates and stress states in the basin, it
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Figure 5.20: Least square fitting of experimental results on spacing (S in mm) vs. applied
strain (ε) for different layer thicknesses (T in mm). Spacing decreases rapidly with strain
in the early stages of the experiment and reaches a nearly constant value for late stages of
the experiment. Spacing at fracture saturation increases with layer thickness. From Wu
and Pollard (1995).
is impossible to predict whether mud-supported beds reached fracture satu-
ration. Furthermore, the average value of fracture spacing at fracture satu-
ration is not trivial. One possibility would be to use the linear relationship
between fracture spacing and bed thickness convincingly explained by Bai
and Pollard (2000). Bai and Pollard (2000) found that the critical value of
fracture spacing to layer thickness varies between 0.8 and 1.2 and is depen-
dent on Young′s modulus of the fractured layer, on the Poisson′s ratio of
adjacent layers and on overburden depth (stress). These parametres are im-
possible to estimate for the basin. Based on the dependency between average
fracture spacing and bed thickness (see Fig. 5.20, Wu and Pollard, 1995), it
is expected that because mechanical bed thickness of throughgoing fractures
is larger than for stratabound fractures, the average spacing of throughgoing
fractures at saturation will be higher compared to the spacing of stratabound
fractures.
The grain-supported beds, because they have already reached fracture
saturation at outcrop, low burial depths (see figure 2.5 in 30), are predicted
to have fracture spacings comparable to the ones measured; unless high fluid
pressures exist in the basin that would allow fracture oversaturation (Bai et
al. 2000) of grain-supported beds.
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5.4 Chapter conclusions
This chapter focuses on characterizing fracture patterns of Barremian-Aptian
carbonates that were buried only to shallow depths and at a location distant
from the Oman Mountains collision zone. The detailed analysis of fracture
patterns showed that carbonate sand bars, i.e. grain-supported beds, present
fundamentally different fracture orientations and spacings compared to mud-
supported beds. Grain-supported facies, such as rudstones and grainstones,
develop bed confined evenly and closely spaced fractures that are oriented in
the NW-SE direction. In contrast, mud-suported facies such as mudstones,
wackestones and packstones, develop widely and unevenly spaced throughgo-
ing fractures with a major N-S orientation and minor NW-SE, WNW-ESE,
NE-SW and ENE-WSW orientations. It is argued that fractures in grain-
supported facies terminate at the bedding interfaces and have anastomosing
horizontal paths probably reflects a weak overburden stress at the time of
fracture development.
Northwest-southeast bed confined fractures are interpreted to develop
first in grain-supported facies during the Late Cretaceous. The study of
diagenetic cements filling the porosity of grain-supported beds suggests that
the latter underwent extensive early marine cementation, which implies that
grain-supported facies became brittle early. As burial increased, the bedding
interfaces became stronger allowing for the development of NW-SE oriented
throughgoing fractures cross-cutting mud-supported beds.
As the Indian Plate was moving north during the Late Cretaceous, I suggest
that N-S oriented pan-African structures were reactivated causing a trans-
pressive sinistral strike-slip regime on the eastern Oman margin leading to
the formation of Riedel structures corresponding to the N-S and WNW-ESE
fracture sets.
During the Cenozoic, when the maximum compressive stress was oriented
NE-SW, we suggest that NE-SW oriented extensional fractures formed. We
suggest that the reactivation of N-S oriented pan-African structures in this
transpressive dextral regime formed ENE-WSW oriented Riedel structures.
Fracture patterns of the Qishn Formation are strongly controlled by the
Dunham texture and early marine diagenesis, namely cementation. Because
the carbonate system in the subsurface is composed of similar facies and un-
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derwent similar early diagenetic processes we suggests that fracture patterns
observed in the Haushi-Huqf High should apply in the Oman Interior basins.
Because of higher overburden depth in the basin, mud-supported beds should
have higher fracture densities than those measured in the Haushi-Huqf area.
Prediction of the average fracture spacing and fracture spacing distribution
law is difficult because we ignore the stress state and strain rate history in
the basin.
The study of fracture patterns in the Qishn Formation would greatly ben-
efit from more detailed analysis of other outcrops in order to acquire enough
data on cross-cutting relationships to reach statistically robust conclusions
on the relative chronology of different fracture sets. In addition, the interpre-
tation of N-S, ENE-WSW and WNW-ESE fracture sets as Riedel structures
should be supported by observations of macroscopic and microscopic shear
displacements in the field and on thin sections.
The discrepencies between our findings and previous work by Bertotti
et al. (2005) (see section 5.1.2 on page 127) highlights the need for careful
data collection methods when performing fracture patterns analysis. These
authors have observed only the well developed NW-SE oriented fracture set
in the Haushi-Huqf High and therefore their predicted fracture patterns in
the Oman Interior basins are likely to be erroneous. Because joint propaga-
tion is dominantly parallel to bedding, and the spatial distribution of poorly
developed joints is not visible in layer cross-section, a combination of wide
scanline and aerial methods is needed to accuratly characterize fracture pat-
terns (as already argued by Wu and Pollard (1995)). These discrepencies
should be taken as a warning against the use of fast fracture attributes ac-
quisition methods (such as the measuring system from Reijmer et al. (2011))
that value data quantity to the detriment of data quality thereby clouding
the understanding of the mechanical processes of jointing.
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6 Conclusions and future considera-
tions
This study was motivated by the need to characterise and understand the
distribution of mesoscale (centimetre to one kilometre) carbonate hetero-
geneities, namely facies, diagenetic and fracture heterogeneities. This study
was based on peritidal carbonates outcropping in the Haushi-Huqf area of
central east Oman that likely contain the best preserved examples of Lower
Cretaceous supratidal and intertidal facies within the Tethyan epeiric plat-
form. This conclusion gathers my major new contributions to the under-
standing of the sedimentology, stratigraphy, early dolomitization and shallow
burial fractures of the Barremian-Aptian shallow water Arabian carbonate
system.
My detailed sedimentological study suggests that, in the Late Barremian,
storm and wave reworking and transport were dominant sedimentary pro-
cesses operating on the peritidal environment of the Haushi-Huqf area. The
facies scheme I suggested is very similar to the one of Immenhauser et al.
(2004) apart from a new facies that I identified along discontinuity surfaces in
supratidal, intertidal and subtidal environments. This facies fills scours that
occur on erosional and/or subaerial exposure surfaces and are interpreted to
be formed mainly by storms. Although Immenhauser et al. (2004) suggested
the importance of tides during Early Cretaceous tidal flat sedimentation, I
do not find sedimentological evidence for tidal influence.
Another main contribution in the field of sedimentology is the quantitative
data on dimensions, geometries and spatial distributions gathered for the
intertidal and subtidal carbonate sand bars. Continuous carbonate sand
bars at the inter-well scale with relatively large aspect ratios (>1000/1) were
identified in the intertidal shoal environment. The subtidal shoal complex
is composed of discontinuous individual dunes (tens to hundreds of metres
wide) and continuous stacked dunes (more than 500 metres wide) that in-
terfinger with bioturbated and storm influenced rudist-dominated sediments.
Concerning stratigraphy, this study contributed in two forms: first, I
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suggested a new chemostratigraphic correlation based on carbon isotopic
variations and sedimentological evidence and dated the sequence boundary
separating the Jurf and Qishn formations at 128 Ma. According to my in-
terpretations the Jurf Formation is time-equivalent to the Lower Kharaib
Formation or BAR1 sequence and the Qishn Formation is time-equivalent
to the Upper Kharaib and Shu′aiba formations or BAR2, APT1 and APT2
sequences. Second, based on the correlation of discontinuity surfaces with
the study of Sattler et al. (2005) I was able to suggest a division of the Lower
Qishn Formation into eleven small-scale genetically related units. The ge-
netically related units were grouped into three types: subtidal units capped
mainly by omission surfaces, incomplete units capped mainly by submarine
erosional surfaces and intertidal-supratidal units capped by subaerial expo-
sure surfaces. The correlation to regional stratigraphy allowed me to describe
the units type variability in the transgressive and regressive stages. It is ob-
served that the transgressive stage is composed of subtidal units capped my
omission surfaces and that in the regressive stage peritidal parasequences are
capped by erosion and subaerial exposure surfaces with increasing amounts
of scouring.
The correlation shows how facies vary laterally from the peritidal environ-
ment to the platform interior. The predominance of intertidal and supratidal
sediments both in the Jurf and Qishn formations are associated with the de-
velopment of thick rudists bars in the platform interior.
The Barremian-Aptian Jurf and Qishn formations are characterised by
two types of sedimentary bodies (mud-supported and grain-supported bod-
ies) that display fundamentally different early diagenetic overprints and frac-
ture patterns. Two key processes dominate early diagenetic modification of
Barremian-Aptian peritidal carbonates, early dolomitization and early ma-
rine cementation.
The ten metre thick dolomite body at the base of the Jurf Formation
represents one of the very few occurrences of Lower Cretaceous dolomite in
the southern Tethys. Although abundant in Spain and North Africa, in the
Arabian Peninsula Lower Cretaceous dolomite is scarce. There are currently
no publications on the Lower Cretaceous dolomite of the Arabian plate and
therefore every aspect of this study is therefore novel. This study allowed
me to firstly to unravel the processes responsible for the dolomitization of
the Jurf Formation and secondly to investigate the reasons for the observed
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distribution of dolomite.
Results indicate that dolomite precipitated at 44◦C from slightly evapo-
rated Cretaceous seawater that interacted with the Permian Gharif Forma-
tion sandstone underlying the Jurf Formation. I suggest that the predomi-
nant mechanisms for the active circulation of dolomitizing fluids were multi-
ple phases of reflux and storm recharge. Dense brines flowed downwards and
likely reached the Permian sands that acted as a stratigraphic permeability
conduit for lateral fluid flow. It is suggested that low accommodations in the
Haushi-Huqf High area allowed for the establishment of slightly hypersaline
supratidal and intertidal environments maintaining optimum conditions for
reflux over prolonged periods of time. Low accommodations and slightly el-
evated salinities in the Haushi-Huqf area are also probably associated with
the flourishing of microbial mats. It is known from modern environments
that microbes facilitate the nucleation of dolomite which can suggests that
a similar process might have occurred during the Lower Cretaceous.
The dating of the sequence boundary between the Jurf and Qishn forma-
tions at 128 Ma mentioned above, allowed the analysis of the distribution of
dolomite in the regional stratigraphic context. Two major contributions were
added to the understanding of the stratigraphic distribution of dolomite in
the Early Cretaceous: firstly it is suggested that climate exerted an impor-
tant control on the fluids and facies potential for dolomitization and secondly
it is thought that the sandstone bed underlying the mudstones acted as a
major conduit for fluid flow.
Dolomite is pervasive in the Early Barremian transgressive systems tract, a
time characterised by a slightly cooler and more arid climate than during
the rest of the Early Cretaceous. Dolomite is surprisingly absent in the high-
stand systems tract at a time when in theory slow rates of sea level rise should
favour reflux processes. This is possibly because in the late Early Barremian
regressive stage the climate became warmer and more humid. It is suggested
that climate had an important role in the flourishing of microbial mats and
in the triggering of reflux processes and governed the vertical distribution of
dolomite observed.
The absence of abundant evaporitic sediments in the Huqf area suggests
that reflux processes would not have been very efficient, especially in mud-
dominated low permeability depositional systems such as the Jurf Formation.
It is suggested that the permeable sandstone bed allowed fluids to be carried
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laterally over long distances and increased the efficiency of reflux processes.
Fractures did not play a major role during dolomitization, firstly be-
cause when dolomitization occurred the carbonates were at an early stage
of fracture development and secondly because fractures are scarce in mud-
dominated beds and have not significantly enhanced the permeability of these
rocks. However, fractures enhanced drastically the permeability of grain-
dominated beds but these remained non-dolomitized.
The recognition of different fracture patterns in mud versus grain-dominated
facies constitute three major findings that are novel compared to the study
of Bertotti et al. (2005) on fracture patterns of Barremian-Aptian carbon-
ates. Firstly, grain-dominated beds are saturated with stratabound fractures
whereas mud-dominated beds are undersaturated with throughgoing frac-
tures suggesting a strong lithological control on fracture development. Sec-
ondly, extensional stratabound fractures are predominantly oriented NW-
SE whereas throughgoing fractures are oriented predominantly oriented N-S
suggesting at least to phases of fracture development influenced by the re-
activation of Pan-African structures. Thirdly, because grain-dominated beds
are saturated with fractures at shallow burial depths it is predicted that
for grainstones and rudstones in the Oman Interior basins fracture patterns
should be similar to the ones observed at outcrop. However, because mud-
dominated beds are at an early stage of fracture development in the Huqf
area, the fracture spacing measured is not representative of the fracture spac-
ing for increased overburden depths.
The cross-disciplinary approach also demonstrated that diagenetic and
fracture heterogeneities are controlled by depositional heterogeneities. In
other words, I demonstrated that the lateral and vertical distribution of sed-
imentary bodies can be used as a predictive framework for the determination
of spatially non-uniform diagenetic and fracture properties (Fig. 6.1).
Given the relationship between depositional patterns, early diagenetic al-
teration and fracture development, it is necessary to improve our knowledge
on sedimentary bodies dimensions and spacing in order to accurately predict
diagenetic and fracture heterogeneities.
This study falls short in providing a statistically robust database and pre-
dictive rules on the dimensions and spacing of grain-supported beds. Quan-
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Figure 6.1: Conceptual model for the spatial distribution and dimensions of depositional,
diagenetic and fracture heterogeneities. The TST of the Jurf Formation is pervasively
dolomitized. Two beds below discontinuity surfaces CS1 and CS3 are dolomitized in Wadi
Baw but not in Wadi Jarrah. In the early TST and late HST of the Qishn Formation sub-
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titative databases of depositional heterogeneities would greatly benefit from
pursuing the acquisition of quantitative data on the excellent outcrop expo-
sures from the northwest to the south of the Haushi-Huqf High and eventually
benefit from the integration of subsurface datasets. Considering the extent
of the outcrops, the feasibility of LIDAR (Light Detection And Ranging)
acquisition should be explored. In this way, one could build a dataset that
would comprise a much broader range of geometries allowing for example to
constrain the maximum lateral extent of subtidal and intertidal carbonate
sand bars. Most importantly the dataset would allow statistical analysis on
the lateral variability of sedimentary bodies geometries along facies belts and
on the vertical variability along stratigraphic sequences and therefore allow
the quantification of uncertainties on the prediction of depositional hetero-
geneities.
In this study it has been demonstrated that the stacking patterns of small-
scale depositional sequences observed in the peritidal successions of Wadi
Jarrah retain a causative signal of ancient climate and sea level fluctuations.
Ancient shallow-water carbonate platform sediments are a valuable source of
information on palaeoceanographic, palaeoenvironmental and palaeoclimatic
conditions during the time of their formation, a quality that is underex-
plored in this thesis. The study of the impact of autocyclic and allocyclic
controls on the variability of shallow-water carbonate cyclicity at the scale
of the Haushi-Huqf area, would greatly contribute to our understanding of
the palaeoceanographic, palaeoenvironmental and palaeoclimatic conditions
of the southern Tethyan carbonate platform. The combination of learnings
from the southern and northern Tethys would allow the study of synchro-
nism of carbonate systems in response to global environmental changes. This
would improve the predictive rules on depositional heterogeneities at a re-
gional scale. Subsequently, by identifying analogies between basins, these
rules could be applied elsewhere in the world where similar stratigraphic in-
tervals are present. The definition of global predictive rules on depositional
heterogeneities and the quantification of their uncertainties would be a major
addition to hydrocarbon exploration success.
The discussion on the prediction of the lateral extent of diagenetic het-
erogeneities would certainly benefit from the acquisition of more geochemical
data along lateral and vertical outcrop exposures. In particular, we suggest
that the promising clumped isotope technique could be used not only as a
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palaeothermometer but also as a way to infer the trend of dolomitization
potential. In this study, calculated δ18Ofluid shows that dolomitizing fluids
in the inner platform are more evaporated than in the mid platform. The
relative difference in the degree of evaporation of the dolomitizing fluid sug-
gests a lateral density gradient and consequently a lateral dowdip component
of fluid flow. The direction of the density gradient could be used as a guide
to infer areas of decreased probability of finding dolomite.
Potentially interesting research would be to further explore the use of lateral
and vertical trends in variations in dolomite stoichiometry as a means to
infer trends of dolomitization potential. In this study the decrease in dolo-
mite stoichiometry between the Lower and Middle Jurf Formation could be
interpreted in terms of a decrease in the dolomitization potential. Because
fluids with higher saturations with respect to dolomite (i.e. higher Mg/Ca
ratio) are expected to dolomitize faster and precipitate more stoichiometric
dolomite (Kaczmarek and Sibley, 2011), trends in dolomite stoichiometry
could be used to infer trends in the dolomitization potential. If the decrease
in stoichiometry was related to the consummation of Mg2+ and increase of
Ca2+ along the fluid migration path, a decrease in dolomite stoichiometry
could relate to a removal from the source of the dolomitizing fluids.
An issue raised in the discussion of the prediction of fracture hetero-
geneities is our poor current understanding of the relationship between burial
history, mechanical properties of the rock and fracture set development stage.
This is because the rate of fracture development and average fracture spacing
at fracture saturation is dependent on multiple parameters (such as strain
rates, stress states and mechanical properties at the time of fracturing to
only cite a few) that are impossible to estimate with current methods. The
prediction of fracture heterogeneities would greatly benefit from a means of
predicting the depth at which fracture saturation occurs, specially given the
difficulty of characterizing fracture spacing and distribution in the subsur-
face. This is important because fractures can form important conduits for
fluid flow and influence the charging and productivity of hydrocarbon reser-
voirs, thus impacting both on exploration strategy and production behaviour.
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Figure B.1: Photopanel of subtidal carbonate sand bars and drawing showing facies
distribution in the subtidal shoal complex along strike.
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Figure D.1: Load versus time curves for rudstone specimens. The maximum load
recorded is used to determine the tensile strength. A picture of one rudstone specimen
taken after the Brazilian test was performed is shown. Note the fracture in the middle of
the rock disk.
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